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ABSTRACT 
USE OF I R O N  SALTS FOR CONTROL OF ACTIVATED SLUDGE 
BULKING CAUSED BY SPHAEROTI LUS 
A  c o n t i n u i n g  o p e r a t i o n a l  p r o b l  em encountered i n  t h e  a c t i v a t e d  
s l u d g e  system i s  s ludge  b u l  k i n g .  W h i l e  t h e r e  a r e  s e v e r a l  c a u s i t i v e  agents  
f o r  t h i s  b u l k i n g ,  t h e  f i l a m e n t o u s  b a c t e r i u m  S p h a a o z X u h  i s  one o f  t h e  
more common. C o n t r o l  of t h e  g rowth  o f  t h i s  o rgan ism w i l l  he1 p  t o  e l i m i n a t e  
s ludge  b u l  k i n g  as an o p e r a t i n g  problem i n  many a c t i v a t e d  s l u d g e  systems. 
I r o n  has been i d e n t i f i e d  i n  t h e  l i t e r a t u r e  as a  p o s s i b l e  i n h i b i t o r  t o  t h e  
g r o w t h  o f  t h i s  bac te r ium.  However, 1  i t t l e  i s  known about  t h e  mechanism of 
t h i s  i n h i b i t i o n .  T h i s  s t u d y  has shown t h a t  t h e  a d s o r p t i o n  of  i r o n  on 
SphumoJtieuh i s  t h e  rnajor i n h i b i t o r y  mechanism. The l a y e r  o f  i r o n  on t h e  
organ ism appears t o  b l o c k  t h e  t r a n s p o r t  o f  n u t r i e n t s  t h r o u g h  t h e  sheath  
and c e l l  w a l l  and hence i n h i b i t  t h e  g r o w t h  o f  t h i s  organism. The e f f e c t i v e -  
ness of t h e  i r o n  compounds i n  t h i s  i n h i b i t i o n  cor responds t o  t h e  p h y s i c a l  
c h a r a c t e r i s t i c s  o f  t h e  absorbed i r o n .  S o l u b l e  i r o n  complexes fo rm a  u n i f o r m .  
l a y e r  so t h a t  t h e  i n h i b i t o r y  e f f e c t  i s  p r o p o r t i o n a l  t o  t h e  i r o n  adsorbed. 
Among t h e  s o l u b l e  complexes, t h e  f e r r o u s  forms a r e  more e f f e c t i v e .  These 
forms can p e n e t r a t e  t h e  sheath  and d e p o s i t  on o r  near  t h e  c e l l  w a l l  r e s u l t -  
i n g  i n  g r e a t e r  i n h i b i t i o n .  On t h e  o t h e r  hand, t h e  f e r r i c  complexes a r e  
d e p o s i t e d  on  o r  i n  t h e  shea th  o f  t h e  organ ism.  
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1 . INTRODUCTION 
The activated sludge process i s  the most common secondary waste- 
water treatment process used in the United States.  One of the d i f f i cu l t i e s  
encountered in the operation of th i s  process i s  the phenomenon of sludge 
bulking. Bulked sludge se t t l e s  poorly and does n o t  compact well in the 
secondary se t t l  ing tank. Consequently, 1 arge quantit ies of the activated 
sludge sol ids remain in the effluent from th i s  se t t l ing  tank. These sol ids 
add substantial BOD t o  the secondary treatment plant eff luent ,  or add a 
substantial sol ids and BOD 1 oad t o  any t e r t i a ry  treatment process. If the 
sludge bulking i s  n o t  corrected the process will eventually f a i l  because of . 
the inabi l i ty  t o  maintain an active population of microorganisms in the 
aeration tank. Prevention and control of sludge bulking i s  of considerable 
importance in the successful operation of the activated sludge process. 
There a re  two types of sludge bulking , f i 1 amentous and nonf i l  amentous. 
The type of bul  king can be distinguished on  the basis of the morphological 
character is t ics  of the causative microorganisms. The nonf i 1 amentous bul ked 
sludge i s  characterized by a large quantity of bound water (Heukelekian and 
Weisberg, 1965), while filamentous sludge bulking i s  a r e su l t  of the presence 
of a s ignif icant  number of f il amentous microorganisms. The bacterium 
SphcLehcrmun i s  frequently associated with th i s  condition, a1 though other 
filamentous organisms may a1 so be responsibl e for  sludge bul king (Pipes, 
1967a, 1967b; Farquhar and Boyle, 1971b). 
Control of sludge bulking i s  a d i f f i c u l t  problem. The success of 
measures taken depends upon the nature of the sludge. Whenever sludge 
bul king due to  f i l  amentous organisms has occurred in wastewater treatment 
p lan ts ,  t he  usual p r a c t i c e  has been t o  add a  l a r g e  dose o f  c h l o r i n e  t o  
t h e  r e t u r n  s ludge (Smith and Purdy, 1936; Tapleshay, 1945). However, 
d u r i n g  t h e  c h l o r i n a t i o n  pe r i od  t h e  e f f l u e n t  u s u a l l y  becomes t u r b i d  and 
the  BOD and suspended s o l i d s  i n  t he  e f f l u e n t  increase.  
Since S p h a a a m  growth has been repo r ted  t o  be i n h i b i t e d  by f e r r i c  
i r o n  (Waitz and Lackey, 19591, t h e  a d d i t i o n  of f e r r i c  i r o n  t o  t he  bulked 
sludge may prove t o  be an e f f e c t i v e  method o f  c o n t r o l l  i n g  sludge bu l k ing  t h a t  
i s  caused by t h i s  organism. The purpose of t h i s  s tudy i s  t o  eva lua te  t h e  
f e a s i b i l i t y  o f  c o n t r o l l i n g  t h e  growth o f  S p h a o L Z u n  w i t h  t h e  a d d i t i o n  o f  
i r o n  s a l t s  t o  t h e  a c t i v a t e d  sludge system. 
The s p e c i f i c  o b j e c t i v e s  o f  t h i s  s tudy a r e  as f o l l o w s :  
1  . To is01 a t e  and i d e n t i f y  SphaaaLZw3 f rom a  bul  ked a c t i v a t e d  
s l  udge system. 
2. To determine t h e  dosage o f  i r o n  r e q u i r e d  t o  c o n t r o l  t h e  
growth o f  Sphuaamua .  
3 .  To a s c e r t a i n  t he  mechanism by which S p h a a a u n  growth i s  
c o n t r o l  1  ed by i r o n .  
I I. SPHAEROTTLUS AND SLUDGE BULKING 
1  . F i  1  amentous Bul k i n g  
Fi lamentous bulked sludges r e s u l t  f rom t h e  presence o f  a  s i g n i f i -  
cant  number o f  f i lamentous microorganisms. F i l  amentous b a c t e r i a  o r  
f i l amen tous  f u n g i  may cause t h i s  c o n d i t i o n  t o  occur  (P ipes,  1967a; Lackey 
and Wat t ie ,  1940). Members o f  t h e  f o l l o w i n g  genera have been i d e n t i f i e d  
as caus ing b u l k i n g :  S p h ~ h u ; t i e u ,  Ea&u, S ~ g i a t u a ,  Nucmdia, T k i u t h i x ,  
Ahthnubac;t~h, Tuxothhix, V L t t ~ c u a c U a  and G~u,ttichum (Pipes,  1967a, 1967b; 
Farqu har and Boy1 e, 1971 b)  . Among these  organisms, Sphehu;tieua, Tuxuthhix  
and some species o f  TkiuRhn/ix a r e  t h e  sheath fo rming  microorganisms (Farquhar 
and Boyle,  1971a). 
S p h ~ h u ; t i e u  is01 ated f rom bu l  ked a c t i v a t e d  s ludge grows we1 1  on 
t h e  medium used by Stokes (1954) o r  t h a t  used by Lackey and Wa t t i e  (1940).  
When Sphamu;tieua grows i n  a  medium w i t h  l o w  con ten t  o f  o rgan i c  ma t te r  and 
h i g h  con ten t  o f  i r o n ,  i t  syn thes izes  a  sheath o u t s i d e  i t s  c e l l  and i r o n  may 
be found depos i ted  on o r  i n  t h i s  sheath. I n  t he  presence of H2S o r  Naps, 
Sph~hu ; t i eua  may depos i t  s u l f u r  i n s i d e  t h e  c e l l .  However, t h e  amount of 
s u l f u r  i n  t h e  Sphaehu;tieu c e l l  i s  much l e s s  than  t h a t  i n  Tk io thh i x .  
Spha~hu; t ieu  and Tuxv thh ix  bo th  belong t o  t h e  o r d e r  o f  C h & m g d u b a & U ~  
and t hey  s t r o n g l y  resemble each o t h e r  i n  morphology and cy to l ogy .  However, 
Tuxu thh ix  has no t  been obta ined i n  pure  c u l t u r e .  
Many f a c t o r s  have been des ignated as c o n t r i b u t i n g  t o  t h e  b u l k i n g  of 
s ludge and encouraging t h e  growth o f  f i l amentous  organisms; t hey  a r e  sum- 
mar ized as f o l l o w s :  
( 1  ) F l u c t u a t i o n s  i n  t he  concen t ra t i on  and volume o f  t h e  waste 
(Sawyer, 1966).  
(2) High  o r  l ow  food  t o  microorganism r a t i o  ( ~ o g a n  and Budd, 1955; 
Genetel 1  i and Heukel ekian, 1964; Ford and Eckenfelder , 1966). 
High concen t ra t i on  o f  carbohydrates i n  t h e  waste (Lackey and 
Wat t ie ,  1948; Morgan and Beck, 1939; Smit, 1934; I ngo l  s  and 
Heukel ekian, 1948). 
Unbal anced n u t r i e n t s  i n  t h e  waste, e.g., h i g h  BOD/N o r  BOD/P 
(Greenburg, eA at. , 1955; Jones, 1965).  
Low pH (Jones, 1966; Pipes and Jones, 1963). 
Low 1 eve1 s  o f  d i sso l ved  oxygen i n  t h e  mixed 1 i q u o r  
(Heukel ekian, 1941 ; Hasel t i n e ,  1932).  
S t a l e  sewage and s e p t i c  r e t u r n  s ludge (Heukel ek ian,  1941).  
High o r  low temperature (Ludzak, eA d. ,  1961 ; Heukel ek ian,  1941 ) .  
Presence o f  H2S i n  t h e  waste (Farquhar and Boyle,  1971 b; 
Sawyer, 1966; Waitz and Lackey, 1959).  
Types o f  r e a c t o r s  (Rensi nk, 1  974).  
D e f i c i e n c y  o f  i r o n  ( P f e f f e r ,  1967; C a r t e r  and McKinney, 1973).  
SphamoMu has f o r  many years  been t h e  organism most commonly 
assoc ia ted  w i t h  f i l amentous  b u l k i n g  ( I n g o l  s  and Heukel ek ian,  1939; Greel ey, 
1945; Ruchhof t  and Watkins, 1929).  S tud ies  conducted i n  r ecen t  years  by 
Jones (1 964, 1965) and Pipes and Jones (1 963) have revea led  t h a t  Geo;thichum, 
a member o f  t h e  c l a s s  Fungi hpmdecti, may a1 so cause f il amentous b u l  k ing .  
I n  c e r t a i n  stages o f  growth t h e  two f i l amen tous  organisms l o o k  cons ide rab l y  
a1 i ke ,  and t h i s ,  no doubt,  i s  p a r t  of  t h e  reason why b u l k i n g  caused by 
Geoa2ichm may have been c r e d i t e d  t o  SphamoZXua a t  v a r i o u s  t imes .  
I n  some o f  t he  above 1 i s t e d  f a c t o r s ,  t h e  b u l k i n g  of s ludge cou ld  
be more 1 i k e l y  caused by f u n g i  t han  SphamoZXua. Th i s  i s  based on t h e  
f a c t s  t h a t  fungi  t o l e r a t e  a  w ider  range i n  pH and temperature t han  b a c t e r i a ,  
and can grow under extreme n u t r i e n t  c o r ~ d i t i o n s  (Pe l cza r  and Reid, 1972). 
Fungi grow over  a  pH range of 2.0 t o  9.0 and t h e  op t ima l  pH f o r  most species 
i s  5.6. The opt i rnal  temperature f o r  most species i s  22 t o  30°C, w h i l e  some 
spec ies w i l l  grow a t  O°C and sorne grow a t  6Z°C. 
Whi le  t h e  n i t r o g e n  con ten t  o f  b a c t e r i a  i s  about  10  t o  12  percent  o f  
t h e  d r y  weight ,  fungi  c o n t a i n  o n l y  4 t o  6  percen t  n i t r o g e n  (Jones, 1965; 
Kay lor ,  eA at. ,  1963). T h i s  g i v e s  f u n g i  t h e  c o m p e t i t i v e  advantage f o r  growth 
on a  n i t r o g e n  d e f i c i e n t  waste. The requ i rement  o f  n i t r o g e n  and phosphate 
was found t o  be dependent upon t h e  f ood  t o  rnicroorganisrn r a t i o  (F/M). A t  a  
h i ghe r  F/My a  l a r g e r  percentage o f  s u b s t r a t e  was used f o r  c e l l u l a r  sys thes i s ,  
and hence lower  carbon t o  n i t r o g e n  and phosphate r a t i o s  a r e  r e q u i r e d  f o r  t he  
growth of organisms (Wal t e r s ,  1966). 
The concept  t h a t  low d i sso l ved  oxygen i n  t h e  mixed l i q u o r  promotes 
t h e  g rowth  o f  f i l amentous  organisms has been c h a l l  enged by B h a t l a  (1 967). 
H i s  work w i t h  a c t i v a t e d  s ludge t rea tment  o f  k r a f t  paper m i l l  wastes i n d i -  
cated t h a t  h i s  p l a n t  operated w e l l  i n  a  f i l a m e n t o u s l y  bu lked  c o n d i t i o n  w i t h  
2.0 t o  3 .0  mg/ l  d i sso l ved  oxygen i n  t h e  a e r a t i o n  tanks.  The s e t t l e a b i l  i t y  
o f  t h e  s ludge  improved as t h e  mixed l i q u o r  d i sso l ved  oxygen c o n c e n t r a t i o n  
was decreased. T h i s  d isc repancy  between t h e  r e p o r t s  o f  t he  e f f e c t  of oxygen 
concen t ra t i ons  on t h e  s ludge bul  k i n g  can be exp la ined  as t h e  d i f f e r e n c e  be- 
tween t h e  fungus bu l  k ing  and Sphumu;tilub bu l  k i ng .  A1 though bo th  Sp/zccmo;tilub 
and f u n g i  a r e  capable o f  me tabo l i z i ng  s u b s t r a t e  a t  low oxygen tens ions,  t h e  
growth o f  f u n g i  i s  s t imu la ted  by h i g h  oxygen c o r ~ c e n t r a t i o n  (Pel czar  and 
Reid, 1972). 
H2S s t i ~ n u l a t i o n  o f  t h e  growth o f  S p h a a a M u n  was r e p o r t e d  by severa l  
i n v e s t i g a t o r s  (Farquhar and Boy1 e, 1971 b; Sawyer, 1966; Waitz and Lackey, 
1959). Farquhar and Boyle (1971 b )  r e l a t e d  t h e  s u l f u r  c o n t a i n i n g  species t o  
T k i a X h i x ;  Waitz and Lackey (1959) suggested t h e  c l a s s i f i c a t i o n  of  t h i s  
organism as a s u l f u r  bacter ium. However, t he  au to t rophy  o f  t h i s  organism 
has n o t  been demonstrated. I n  sewage t reatment  p l a n t s  r e c e i v i n g  sewage con- 
t a i n i n g  0.3 - 0.5 mg/l o f  H2S, b u l k i n g  o f  s ludge cuased by t h i s  s u l f u r  
d e p o s i t i n g  organism was observed (Farquhar and Boyle,  1971 b )  . When t h e  
energy source i s  considered, t h i s  low concen t ra t i o r l  o f  H2S i s  negl i g i b l  e  
compared w i t h  t h e  h i gh  concen t ra t i on  o f  o rgan ic  ma t te r .  A lso ,  when s u l f u r  
d i o x i d e  was t es ted  i ns tead  o f  hydrogen s u l f i d e  i n  t h e  c u l t u r e  o f  Waitz and 
Lackey" species,  t h e  same d e p o s i t i o n  o f  s u l f u r  occurred.  A f t e r  exposure, 
none o f  t he  organisms were v i a b l e  (Wai tz  and Lackey, 1959).  T h i s  obse rva t i on  
showed t h a t  t h i s  organism d i d  n o t  use H2S as food b u t  was a b l e  t o  o x i d i z e  i t . 
The r o l e  o f  H2S i n  t h e  wastewater may be cons idered as an i n d i r e c t  f a c t o r  i n  
stimulating t h e  g rowth  o f  SphaaaXiLun.  The t o x i c i t y  o f  H2S t o  o t h e r  organisms 
p rov ides  SphamaLLLun a more c o m p e t i t i v e  advantage than o the r  organisms. 
The o t h e r  f a c t o r s  asc r i bed  t o  s ludge  b u l k i n g ,  which i n c l u d e  s t a l e  
sewage, s e p t i c  r e t u r n  s ludge and h i g h  temperature a t  l ow  f l o w  r a t e  o f  waste, 
can be r e l a t e d  t o  t h e  low oxygen t e n s i o n  i n  t h e  mixed 1 i q u o r  and h i g h  con- 
c e n t r a t i o n  o f  H2S i n  t h e  rece i ved  sewage. 
Sludge volume indexes (SVI )  r ang ing  between 100 and 2,000 ml /g  
have been observed as a r e s u l t  o f  f i l amen tous  bu l  k i n g  (P ipes,  1967b; Kraus, 
1949). However, bu lked s ludge cuased by an excess ive growth o f  f u n g i  never 
had an SVI o f  over  300 m l / g  (Pipes, 1967a). The a c t i v a t e d  s ludge  process 
can be s u c c e s s f u l l y  operated i n  a  bu lked c o n d i t i o n  p rov ided  t he  p l a n t  has 
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found t h a t  i n c r e a s i n g  t h e  a d d i t i o n  o f  i r o n  from 2 rng/l up  t o  1 0  mg/l 
increased t h e  r a t e  o f  metabol ism i n  t h e  a c t i v a t e d  s ludge system w h i l e  
20 mg/l of i r o n  had adverse e f fec t .  Low c o n c e n t r a t i o n  o f  i r o n  s t i m u l a t e s  
t h e  g rowth  of normal organisms and i n h i b i t s  t h e  g rowth  o f  f i l amen tous  
organisms w h i l e  h i g h  concen t ra t i on  o f  i r o n  i n h i b i t s  bo th .  
S p h a m a ~  was f i r s t  desc r ibed  by 6 t z i n g  (1833) as an  a l g a e  
s i m i l a r  i n  appearance t o  M d a n h u  o r  Fmg2ak.  The taxonomy o f  t h i s  orga-  
nism i s  s t i l l  confused. The g e n e r a l l y  accepted d e s c r i p t i o n  o f  t h i s  organism 
i s  t h a t  f r om  Phaup (1 968). The genus SphehaXXua i s  composed o f  Gram- 
nega t i ve ,  r ~ o n s p o r u l a t i n g  r ods  enclosed i n  a  sheath, which may o r  may n o t  
show fa1 se  branching.  The sheaths may be encrusted w i t h  i r o n  o r  manganese 
s a l t s ,  wh ich  impa r t  a  brownish o r  b l a c k i s h  c o l o r  t o  them. Members o f  t h e  
genus reduce  ns ' t r a t es  t o  n i t r i t e s  b u t  n o t  t o  ammonia; g e l a t i n  i s  1  i q u e f i e d  
s l ow l y ;  many compounds may serve  as a  carbon-energy source; and growth 
occu rs  w i t h  e i t h e r  o rgan i c  and i n o r g a n i c  n i t r o g e n .  
Sheath f o r m a t i o n  i n  t h e  presence o f  f e r r i c  i r o n  i s  t h e  genera l  
c h a r a c t e r i s t i c  o f  t h i s  organism. Romano and Pel oqu in  (1 963) determined t h e  
compos i t i on  o f  t h e  sheath o f  S p h u e h a U u ~  and found i t  s i m i l a r  t o  t h e  c e l l  
w a l l s  o f  many b a c t e r i a  w i t h  t h e  excep t ion  t h a t  muramic a c i d  was n o t  de tec ted .  
They descr ibed  t h e  shea th  m a t e r i a l  as  a  protein-polysaccharide-l ipid corrlplex 
d i s t i n c t  f rom c e l l  w a l l  and s l i m e  l a y e r  m a t e r i a l s .  Romano and Geason (1964) 
observed t h e  p a t t e r n  o f  sheath syn thes is  by means fo f l u o r e s c e n t  microscopy 
and corlcl uded t h a t  sheath syn thes i s  occurs  by 1  i n e a r  ex tens ion  of  e x i s t i n g  
sheath.  The compos i t i on  o f  the  sheath may v a r y  w i t h  n u t r i t i o n .  Gaudy and 
Wolfe  (1962) i n d i c a t e d  t h a t  as t h e  a v a i l a b l e  o rgan ic  n i t r o g e n  was increased,  
t h e  p roduc t i on  o f  capsu la r  m a t e r i a l  was s t i r r ~u la ted  w h i l e  t h e  sheath fo r rna t ion  
was i n h i b i t e d .  Skerman (1 959) suggested t h a t  capsu la r  m a t e r i a l  rnight be 
somehow i nco rpo ra ted  d i r e c t l y  i n t o  t h e  sheath. Such an occurrence seerrls 
p o s s i b l e  due t o  t h e  r e l a t i o n s h i p  o f  capsu le  and c e l l  w a l l  and t h e  s i m i l a r i -  
t i e s  o f  t h e i r  chemical composi t ion.  F e r r i c  and rr~anganic sa l  t s  may be 
depos i ted  on t h e  o u t e r  su r f ace  (Pr ingsheim, 1949; Mulder  and van Veen, 1963). 
The i r o n  d e p o s i t i o n  on t o  t h e  sheaths o f  h e a t - k i l l  ed c u l t u r e s  i n d i c a t e d  t h a t  
a t  l e a s t  p a r t  o f  such d e p o s i t i o r ~  was phys ica l  r a t h e r  t h a n  b i o l o g i c a l  (Phaup, 
1968). 
C e l l  s i z e  v a r i e s  cons iderab ly .  The dimensions most o f t e n  r e p o r t e d  
a r e  1-2.5 prrl i n  w i d t h  and 3-8 pm l ong .  I n  "young" c u l t u r e s ,  c e l l s  a r e  
u s u a l l y  l a r g e r  and c ross -wa l l  s  d i f f i c u l t  t o  see (Stokes, 1954). The c y t o -  
plasm o f  young c e l l s  i s  u s u a l l y  c l e a r ,  becoming g r a n u l a r  i n  o l d e r  c u l t u r e s .  
Phaup (1968) noted t h e  disappearance o f  t hese  g ranu les  i n  c u l t u r e s  on agar  
s t o red  30 days o r  l onge r  a t  4OC, and i n  c e l l  s  sub jec ted  t o  anaerob ios is  f o r  
severa l  days. 
Rouf and Stokes (1962),  u s i n g  the  method o f  M i l  l i amson and W i l  k i nson  
(1958), i s o l a t e d  t h e  g ranu les  o f  Sphuaaa%.lm and i d e n t i f i e d  them as 
po ly-B-hydroxybutyrate ,  a  r e s e r v e  b a c t e r i a l  food.  Stokes and Powers (1  967b) 
s t a t e d  t h a t  S.  dincaphakun synthes ized l a r g e  arnounts o f  t h i s  polymer when 
grown on g lucose-con ta in ing  media. They ob ta ined  a  cons ide rab le  i nc rease  
i n  t h e  r a t e  o f  endogenous oxygen con sump ti or^ i n  these  c e l l s  through t h e  
++ 
a d d i t i o n  o f  ~ n + +  and even g r e a t e r  i nc rease  a f t e r  a d d i t i o n  o f  Mg . These 
i o n s  undoubted ly  s t i m u l a t e  t h e  o x i d a t i o n  o f  po ly -B-hydroxybu t ra te ,  which 
p robab l y  occurs  v i a  h y d r o l y s i s  t o  B-hydroxybutyrate ,  o x i d a t i o n  o f  t h e  
l a t t e r  t o  acetoacetate,  and subsequent o x i d a t i o n  o f  ace toace ta te  w i t h  
Coenzyme A through t h e  t r i c a r b o x y l i c  ac i d  c y c l e .  
Skerman, Dementjeva and Carey (1 958) descr ibed  granul  es o c c u r r i n g  
a long t h e  l o n g i t u d i n a l  a x i s  o f  t he  c e l l  which were i nvo l ved  i n  t h e  i n t r a -  
c e l l u l a r  d e p o s i t i o n  o f  s u l f u r  when SphaaotXCLcl was exposed t o  H2S. Phaup 
(1968) found t h a t  c e l l s  con ta in i ng  l a r g e  amounts o f  s u l f u r  were nonv iab le  
and proposed t h a t  t h i s  phenomenon migh t  be a  mechanism f o r  removal o f  t o x i c  
H2S from t h e i r  environment r a t h e r  than  an ene rgy -y i e l d i ng  b i o - o x i d a t i o n  
process. T h i s  assumption was subs tan t i a ted  by the  obse rva t i on  o f  Waitz and 
Lackey (1959);  S p h u a o t X u h  depos i ted  s u l f u r  i n  t h e  presence o f  S02. I t  
would seem, then, t h a t  t h e r e  a r e  a t  l e a s t  two types  o f  i n t r a c e l l u l a r  granules;  
e.g., t he  sca t t e red  granul  es o f  po ly-8-hydroxybutyrate,  and t h e  1  o n g i t u d i -  
nal  l y  arranged s u l f u r  granul  es. 
The n u t r i t i o n  o f  S p h u m o t X u ~  has been i n v e s t i g a t e d  e x t e n s i v e l y  by 
Stokes (1 954),  Mulder and van Veen (1 963),  Razumov (1 961 ) ,  and Lackey and 
W a t t i e  (1940). The minera l  s a l t  requi rements were repo r ted  t o  be s i m i l a r  t o  
o t h e r  b a c t e r i a .  Stokes (1954) used a  basal  s o l ~ ~ t i o n  w i t h  t h e  f o l l o w i n g  com- 
ponents: HgS04-7H20, 0.02%; CaC12, 0.005%; FeC13'6H20, 0.001%; phosphate 
b u f f e r  0.01 M. Lackey and W a t t i e  (1 940) employed Na2HP0, 0.005%; NaC1 , 0.0015%; 
KCl, 0.0007%; CaC12, 0.0007%; and MgS04, 0.0005%. Razumov (1961) employed 
CaC12, 0.002%; MgS04, 0.002%; K2HP04, 0.002% and FeC13, 1  d rop  o f  1% s o l u t i o n .  
Many o r g a n i c  compounds were repo r ted  t o  be used as a  sol  e  source of 
carbon by SphaehoLZuA.  They were: g lucose,  ga l  actose, ma1 t o s e  and sucrose 
among t h e  sugars (Lackey and Wat t ie ,  1940; Razumov, 1961 ; Stokes, 1954); 
succ inate,  fumarate,  l a c t a t e ,  py ruva te  and a c e t a t e  among the  a c i d s  (s tokes,  
1054) ; ethanol  , bu tan01 , and g l y c e r o l  among the  a1 coho1 s (s tokes ,  1954). 
However, t h i s  organism seems t o  u t i l i z e  g lucose  more r e a d i l y  t han  o t h e r  
o rgan ic  corr~pounds. Ox ida t i on  of sugars, amino ac ids  and compounds o f  the  
t r i c a r b o x y l i c  a c i d  c y c l e  was repressed by a d d i t i o n  o f  g lucose (Stokes and 
Powers, 1967a). 
Preference f o r  o rgan ic  n i t r o g e n  r a t h e r  than  i no rgan i c  n i t r o g e n  
as n i t r o g e n  source was repo r ted  by most i n v e s t i g a t o r s  (Stokes, 1954; Lackey 
and Wat t ie ,  1940; Plulder and van Ween, 1963; Razumov, 1961). Phaup (1968) 
r e p o r t e d  t h a t  amino ac ids  p r o v i d i n g  s u i  tab1 e  n i t r o g e n  f o r  growth were: 
asparagine, a lan ine ,  a r g i n i n e ,  g lu tamic  a c i d ,  meth ion ine,  p r o l i n e ,  and proba- 
b l y  1  eucine; n o t  s u i t a b l e ,  o r  t o x i c ,  were ser ine ,  c y s t i n e ,  h i s t i d i n e ,  l y s i n e ,  
o r n i  t h i  ne, th reon ine ,  t ryptophane, t y r o s i n e ,  and va l  i n e .  
The d e s i r a b l  e  pH range f o r  t h i s  organism was r e p o r t e d  from 6.0 t o  
9.0 (Stokes, 1954; Lackey and Wat t ie ,  1940).  Growth of  Sphueho;t ie~ has 
been repo r ted  t o  occur  a t  temperatures f rom 5 t o  40°C w i t h  t h e  op t ima l  
g rowth  a t  30°C (Stokes, 1954).  A l though t h i s  organism would n o t  grow under 
anaerobic c o n d i t i o n s ,  i t  cou ld  grow i n  ext remely  low oxygen tens ions  (Stokes, 
1954).  
Waitz and Lackey (1 959) observed t h a t  t h e  growth o f  Sphueha;tieun 
was i n h i b i t e d  w i t h  a  concen t ra t i on  o f  25 mg/l o f  f e r r i c  c h l o r i d e .  S ince 
SphamaUun i s  o f t e n  c a l l e d  an  i ron-bac te r ium due t o  i t s  a b i l i t y  t o  
d e p o s i t  i r o n  i n  t h e  form o f  i r o n  o x i d e  a l ong  i t s  sheath, t h e  r o l e  o f  i r o n  
i n  t h e  i n h i b i t i o n  o f  t h i s  organism i s  an i n t e r e s t i n g  problem. 
111. CHEMISTRY OF IRON 
1.  Redox ~ ~ u i l - i b r i a  
Thermodynamic cons idera t ions  are  use fu l  f o r  o b t a i n i n g  a  general 
understanding o f  the  p o t e n t i a l  r eac t i ons  o f  i r o n .  The f o l l o w i n g  equat ion 
i s  a  general express ion f o r  the  thermodynamic reac t i ons  i n  aqueous 
so lu t i ons .  
where pe = r e l a t i v e  e l e c t r o n  a c t i v i t y  (pe = - l o g  e ) .  Large p o s i t i v e  values 
o f  p~  ( l ow  e l e c t r o n  a c t i v i t y )  represent  s t r o n g l y  o x i d i z i n g  cond i t i ons  w h i l e  
small o r  negat ive  values ( h i g h  e l e c t r o n  a c t i v i t y )  correspond t o  s t r o n g l y  
reducing cond i t i ons .  peO = r e l a t i v e  e l e c t r o n  a c t i v i t y  when a l l  species 
o t h e r  than the  e lec t rons  a r e  a t  u n i t  a c t i v i t y .  Q = r e a c t i o n  q u o t i e n t .  
pe i s  a  measure o f  the  f r e e  energy invo lved  i n  t h e  t r a n s f e r  o f  
e l  ec t rons  : 
When t h e  f r e e  energy change nG i s  i n  k i l o c a l o r i e s  a t  25OC, the  r e l a t i o n  
becomes 
The f o l l o w i n g  r e l a t i o n s  are  a l s o  impor tan t  i n  c a l c u l a t i n g  pE values from 
f ree energy and e l  ect rode p o t e n t i a l  data, 
0. 7342nG0 peO = ' - 
n 
1  peO = - l o g  K n  
where n  = t h e  number o f  e l e c t r o n s  t r a n s f e r r e d  i n  t h e  r e a c t i o n  
A G O  = standard f r e e  energy change a t  25OC, i n  k i l o c a l o r i e s  per  mole 
K = e q u i l i b r i u m  cons tan t  
EO = s tandard r e d u c t i o n  p o t e n t i a l  a t  25OC, i n  v o l t s  pe r  mole o f  
e l e c t r o n  t r a n s f e r r e d  
By employing t h e  equat ions 1  through 6 and t h e  va lues o f  f r e e  energy 
g i ven  i n  Table 1  and t h e  e l e c t r o d e  p o t e n t i a l  i n  Table 2, t he  a c t i v i t y  r a t i o  
diagrams and p~  - pH diagrams f o r  i r o n  can be es tab l i shed .  A c t i v i t y  r a t i o  
diagrams f o r  i r o n  (F igu re  1  ) g i v e  a  r a p i d  survey on t h e  s t a b i l i t y  r e l a t i o n s  
a t  p H  7.0 and f o r  [ H C O ~ - ]  = M and [SO:-] = M. Because o f  t h e  
u n c e r t a i n t y  o f  f r e e  energy data,  e s p e c i a l l y  f o r  t he  va r i ous  i r o n  ox ides,  
t h e  p o s i t i o n s  o f  t he  l i n e s  a r e  n o t  exact .  There i s  cons iderab le  u n c e r t a i n t y  
about t h e  p~  va lues a t  which e q u i l i b r i u m  between Fe203 and Fe304 occurs.  
The diagrams, fur thermore,  suggest t h a t  i r o n  s u l f i d e s  s t a r t  t o  be formed 
as one passes t o  PE values l owe r  than -2 t o  -3. Even i f  s u l f i d e s  a r e  
be ing  formed, t he  s u l f a t e  concen t ra t i on  i n  many n a t u r a l  waters does n o t  
va ry  apprec iab ly ;  hence, t h e  assumption o f  a  cons tan t  s u l f a t e  concen t ra t i on  
i s  j u s t i f i e d .  But  i f  pe va lues d rop  f u r t h e r  (below pe = -3 a t  pH = 7 ) ,  
[SO:-] does n o t  remain cons tan t  bu t  decreases. 
A  more ex tens i ve  summary o f  l i m i t i n g  s t a b i l i t y  r e l a t i o n s  f o r  i r o n  
i n  t h e  l i g h t  o f  p r e s e n t l y  a v a i l a b l e  thermodynamic i n f o r m a t i o n  i s  g i ven  by 
t h e  PE - pH diagram shown i n  F igu re  2  f o r  a  s e t  o f  s p e c i f i e d  c o n d i t i o n s .  
A t  pH above -10, m e t a l l i c  i r o n  and i t s  common a l l o y s  tend t o  be o x i d i z e d  
t o  f e r r o u s  and f e r r i c  s t a tes .  Under aerob ic  cond i t i ons ,  and n e u t r a l  pH, 
Fe(OH)3 i s  t h e  predominant form. 
Table 1. I r o n  Species i n  Aquat ic  Environment and t h e i r  
Free Energy o f  Formation (Stumm and Morgan, 1970) 
- 
G; a t  25°C 
Formu 1 a Desc r i p t i on  S t a t e  Kcal mol e-1 
FeS i O3 
Fe2Si O4 
a-FeS 
FeS 
Fe(OH)2 
FeC03 
F e ( I I 1 )  
Fe(OH13 
(amorph 1-FeOOH 
p y r i t e  
s i d e r i t e  
a-FeOOH geoth i  t e  s -113.7 
a-Fe203 haema t i t e  s -177.1 
FeP042H20 s t r e n g i  t e  s -279 
F e ( I I ) ,  F e ( I I 1 )  
Fe304 magnet i te  s -242.4 
Table 2. E q u i l i b r i u m  Constants f o r  Redox React ion 
of I r o n  (Stumm and Morgan, 1970) 
Hal f - r e a c t i o n  E lec t rode p o t e n t i a l  v o l t s  25°C 


2.  Kinetics of Redox Reactions 
The r a t e  of oxygenation of ~ e ( I 1 )  in solut ions  of pH 2 5.5 was 
found t o  be f i r s t  order with respect t o  the concentrations of both Fe(I1) 
and O2 and second order with respect t o  the  OH ion. T h u s  a  100-fold 
increase in the r a t e  of reaction occurs f o r  a un i t  increase in pH. 
Catalysts  (especia l ly  c u 2 + ,  co2+) in t race  quan t i t i es ,  as well as anions 
which form complexes with Fe(I1) ( e . g . ,  H P O ~ ~ - ,  c i t r i c  a c i d ) ,  increase 
the reaction r a t e  s ign i f ican t ly .  The oxygenation kinet ics  obey the 
following r a t e  expression (S tum and Lee, 1961 ) .  
Frequently i t  i s  more convenient t o  use the  r a t e  expression in the form 
where kH a t  20°C = 3 x 1 0 " ~  ,inm1 mole l i t e r - ' .  For a given pH, the r a t e  
increases about tenfold fo r  a 15°C temperature increase.  For constant 
[H'], an act ivat ion energy of 23 kcal mole-' can be calculated.  
In the low pH range (pH < 4 ) ,  the r a t e  of oxidation i s  independent 
of pH. The r a t e  of oxygenation of ferrous iron over the  e n t i r e  pH range 
i s  shown in Figure 3. The oxidation reaction i s  catalyzed by in terfaces  
and by 1 ight .  In the presence of 1 igh t  the reaction i s  approximately 2-3 
times as f a s t  as in i t s  absence. Substantial surface area concentrations 
2 (S > 100 m l i t e r - ' )  a r e  necessary t o  enhance the oxidation reaction markedly. 

3. S o l u b i l i t y  and Complex Format ion 
The s o l u b i l i t y  o f  i r o n  i n  t h e  water  depends on pH of t h e  water,  
o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  o f  t h e  environment ( p ~ ) ,  species o f  anions, 
o rgan i c  compounds and b a c t e r i a l  a c t i v i t i e s .  For systems c losed  t o  t h e  
atmosphere, a  s o l u b i l i t y  diagram can conven ien t l y  i l l u s t r a t e  t h e  c o n d i t i o n s  
under which a  p a r t i c u l a r  s o l i d  phase predominates. F i gu re  4 g i ves  a 
s o l u b i  1  i t y  diagram f o r  Fe ( I1 )  cons ide r i ng  FeC03(s) as p o s s i b l e  s o l  i d  
phases. A t  pH below 11, Fe ( I1 )  p r e c i p i t a t e s  as FeC03, w h i l e  F e ( 0 ~ ) ~  
l i m i t s  s o l u b l e  i r o n  above pH 11. I n  t h e  presence o f  H2S, Fe ( I 1 )  forms 
i n s o l u b l e  FeS and FeS2 (see F igu re  1 ) .  
As t h e  o x i d a t i o n  p o t e n t i a l  o f  t h e  environment increases,  f e r r o u s  
i r o n  w i l l  be o x i d i z e d  t o  f e r r i c  forms and p r e c i p i t a t e  as f e r r i c  hydrox ide.  
The p r e c i p i t a t e s  o f t e n  occur  i n  amorphous and severa l  c r y s t a l l i n e  m o d i f i c a -  
t i o n s .  An " a c t i v e "  form o f  t h e  p r e c i p i t a t e s ,  t h a t  i s ,  a  very  f i n e  c r y s t a l l i n e  
p r e c i p i t a t e  w i t h  d iso rdered  l a t t i c e ,  i s  g e n e r a l l y  formed i n c i p i e n t l y  f rom 
s t r o n g l y  oversa tu ra ted  s o l u t i o n s .  I n i  t i  a1 l y  formed amorphous p r e c i p i t a t e s  
o r  a c t i v e  forms o f  uns tab le  c r y s t a l l i n e  m o d i f i c a t i o n s  may undergo two k inds  
o f  changes d u r i n g  ag ing.  E i t h e r  t h e  a c t i v e  form o f  t h e  uns tab le  m o d i f i c a -  
t i o n  becomes i n a c t i v e  o r  a  more s t a b l e  m o d i f i c a t i o n  i s  formed. The deac t i va -  
t i o n  may be accompanied by condensat ion. When severa l  o f  t h e  processes 
take  p l ace  toge ther ,  nonhomogeneous s o l i d s  a re  formed upon aging.  I n  
d i s s o l u t i o n  exper iments w i t h  such nonhomogeneous s o l i d s ,  t h e  more a c t i v e  
forms a r e  d i sso l ved  more r e a d i l y .  Measurements o f  t h e  s o l u b i l i t y  o r  
" a c t i v e "  forms g i v e  s o l u b i l i t y  products  t h a t  a re  h i ghe r  than those o f  t he  
i n a c t i v e  forms. Fei  t knech t  and Sch ind le r  g i v e  t h e  f o l l o w i n g  example 
(Stumm and Morgan, 1970) : 
'03 + +HOad = -HO + (S) '03ad -5 2- 
1 L- 01 X 1.2 = OS1 '03 + 2+ad 2 (S) '03ad 'b 2- 
01 X F.8 = "1 - E 
9- ( HO)ad = -HO + (S) '(Ho)~J .E 
0 L- 01 x D = ls1 HO + +(HO)ad = (S) '(Ho)~J -2 
s L- OL X 2 = o% - HO 2 + 2+ad (s) '(H0)ad . L 
/ (amorph) Fe 0  ( i n a c t i v e )  n/2 / (amorph) F e ( O ~ ) ~ ( a c t i v e )  - a-FeOOH ( a c t i v e )  
\ 
I n  de te rm in ing  s o l u b i l i t y  e q u i l i b r i u m  cons tan ts ,  many i n v e s t i g a t o r s  
have been mo t i va ted  by a  need t o  ga in  i n f o r m a t i o n  t h a t  was p e r t i n e n t  
p r i m a r i l y  f o r  r e l a t i v e l y  sho r t - t e rm  c o n d i t i o n s  (minutes t o  hours)  t y p i c a l l y  
encountered i n  t h e  l a b o r a t o r y .  I n  o p e r a t i o r ~ s  o f  a n a l y t i c a l  chemis t ry ,  f o r  
example, p r e c i p i t a t e s  a r e  f r e q u e n t l y  formed f rom s t r o n g l y  ove rsa tu ra ted  
s o l u t i o n s ;  t h e  c o n d i t i o n s  o f  p r e c i p i t a t i o n  o f  t h e  i n c i p i e n t  a c t i v e  compound 
r a t h e r  than t h e  d i s s o l u t i o n  o f  t h e  aged i n a c t i v e  s o l i d  a r e  o f t e n  o f  p r imary  
i n t e r e s t .  Most s o l u b i l i t y  p roduc ts  measured i n  such cases r e f e r  t o  t h e  
most a c t i v e  component. On t h e  o t h e r  hand, i n  d e a l i n g  w i t h  heterogeneous 
e q u i l i b r i a  o f  n a t u r a l  water  systems, t h e  more s t a b l e  and i n a c t i v e  s o l i d s  
a r e  f r e q u e n t l y  more p e r t i n e n t .  
Among t h e  ox ides  and hydrox ides o f  i r o n ,  one needs t o  cons ide r  
p r i m a r i l y  Fe(OH)2, Fe304 (magnet i te ) ,  amorphous FeOOH and a-FeOOH ( g e ~ e t h i t e ) ~  
What i s  u s u a l l y  c a l l e d  " f e r r i c  hydrox ide"  i s  more l i k e l y  a  p o o r l y  c r y s t a l l i z e d  
FeOOH. Data f o r  t h e  s o l u b i l i t y  and f ree-energy o f  f o r m a t i o n  o f  Fe(OH)3(s), 
p robab l y  based on r e s u l t s  ob ta i ned  w i t h  a c t i v e  FeOOH p repa ra t i ons ,  a r e  
neve r the less  o f  ope ra t i ona l  va lue.  A  s o l  u b i  1  i ty  diagram f o r  Fe(1 I I )  
c o n s i d e r i n g  f e r r i c  hydrox ide  as p o s s i b l e  s o l i d  phase i s  g i v e n  i n  F i g u r e  5. 
Cornplex f o rma t i on  o f  F e ( I I 1 )  w i t h  or tho-phosphate and many o r g a n i c  
bases i s  w e l l  es tab l i shed .  I n  o r d e r  t o  eva lua te  t h e  c o o r d i n a t i n g  tendency 
o f  F e ( I I I ) ,  t h e  r e l a t i v e  a f f i n i t i e s  o f  f o r  OH- i o n s  and o t h e r  l i g a n d s  
need t o  be compared. Hydrox ide i o n s  o f t e n  have a  s t r o n g e r  a f f i n i t y  f o r  

~ e ~ +  than do organic o r  inorgan ic  bases. The e x t e n t  o f  complex fo rmat ion  
i s  thus pH dependent, and, w i t h i n  the  pH range o f  n a t u r a l  waters, so lub le  
o r  i n s o l u b l e  mixed F e ( I I 1 )  complexes t h a t  may con ta in  OH- as we1 1 as o ther  
1 igands can be formed. For example, F e ( I I 1 )  i n t e r a c t s  chemical l y  w i t h  
orthophosphate t o  form so lub le  phosphate- iron (111) colr~plexes [e.g., 
+ FeHP04 , Fex (H PO ) 3x-(3-n)y]. Under s l  i g h t l y  a c i d  condi t i o n s  pure 
n 4 Y  
FeP04(s) w i  11 be p rec ip i t a ted ,  whereas i n  t h e  n e u t r a l  and s l  i g h t l y  
a1 ka l  -i ne pH range the  p r e c i p i t a t e  i s probably a f e r r i c  compound con ta in ing  
bo th  PO;- and OH- i n  v a r i a b l e  propor t ions ,  depending upon the  pH. The 
chemical i n t e r a c t i o n  o f  F e ( I I 1 )  w i t h  many organic bases a r e  s i m i l a r  t o  
t h a t  w i t h  orthophosphate. Some s t a b i l i t y  constants o f  i r o n  complexes 
a r e  g i ven  i n  Table 3 and Table 4. 
4. I n t e r a c t i o n  w i t h  Organic Substances 
The reac t i ons  o f  i r o n  w i t h  organic compounds can be d i v i d e d  i n t o  
two groups, o x i d a t i o n  r e a c t i o n  and c h e l a t i o n  reac t i on ,  based on whether 
t he  organic compound i s  ox id ized du r ing  the  r e a c t i o n  o r  not .  Q u a l i t a t i v e  
and q u a n t i t a t i v e  experiments have conf irmed t h a t  S (-11) compounds 
(HS-, cys te ine)  as w e l l  as a v a r i e t y  o f  o rgan ic  substances, e s p e c i a l l y  
such compounds as phenol s, polyphenol s, gal  1 i c  ac id ,  t a n n i c  ac id,  can 
reduce f e r r i c  i r o n  reasonably f a s t  i n  s y n t h e t i c  s o l u t i o n s  (minutes t o  
hours) (Thei s  and Singer, 1974). If cond i t i ons  (pH, concent ra t ions)  a r e  
such t h a t  t h e  r a t e  o f  Fe( I1 )  oxygenation i s  slow i n  comparison t o  t h e  
F e ( I I 1 )  reduc t i on  by the  organ ic  ma te r i a l ,  a  r e l a t i v e l y  h igh  steady-state 
concen t ra t i on  o f  Fe( I1 )  can be mainta ined i n  the  system as l ong  as the  
organ ic  ma te r i a l  i s  no t  f u l l y  ox id ized.  Th is  observat ion may be 
'O~H + = '0dHad - z + 
'0d + = '0dad -E 
ztr E 'O~Z + +ZaJE = ( Od) aJ 
-E 
E '03 + = (2 !JaP!s) 03ad 
-2 
F(Ho)~A = -HO + (a~k33euk)~(H0)ad 
- z HOZ + = (aA!l3eu!) (H0)ad 
- HOZ + +Za~ = (a~rq3e)~(~o)a~ 
z 0 HZ + = +HE + (s)HOOad-a 
z 0 HZ + = + HE + (s)HO~ad (up) 
(b96 1 ' 1 LaJJeW Pup 1 1 ! S) saxalduo3 ~!UP~JO-UOJI autos 40 sJueJsuo3 R~illqe~s 
'b alqel 
Table 4 (Continued) 
Stabi 1 i ty  Constants 
-
Cys te i ne  
Reaction Descr ipt ion l o g  K I 
H ~ L +  = H2L + H+ -COOH -1.71 0 
HZL = HL' + H+ s u l f u r  group -8.60 0 
HL- = L ~ -  + H+ amino group -10.51 0 
C i  t r a t e  
Reaction Descr ipt ion l o g  K I 
G a l l i c  Acid* 
Reaction Descr ip t ion l o g  K I 
* Source: Hand Book o f  Cherr~istry and Physics. The Chemical Rubber Co., 
18901 Cranwood Parkway, Cleveland, Ohio 44128. 
i 1  l u s t r a t e d  by the  fo l l ow ing  types o f  r e a c t i o n  sequence: 
F e ( I I 1 )  + org  + F e ( I I 1 ) - o r g  complex 
Fe ( I I 1 ) -o rg  + Fe( I1 )  + ox id i zed  o rg  
I n  these cases t h e  f e r r i c - f e r r o u s  system ac ts  merely  as a  c a t a l y s t  f o r  
t h e  o x i d a t i o n  o f  organic ma te r i a l  by oxygen, 
C e r t a i n  organic compounds such as c i t r i c  ac id ,  o x a l i c  acid, 
ethylenediaminetetraacetate (EDTA) , 1,2-di arninocycl onexanetetraacetate, and 
nocordamine may che la te  f e r r i c  i r o n  and prevent  t h e  i r o n  from p r e c i p i t a t i n g .  
The organic complexes o f  i r on ,  1  i k e  the  inorgan ic  complexes, d issoc ia tes  i n  
water and reach e q u i l  i b r i um w i  t h  t h e i r  counterpar ts .  Because o f  the  importance 
o f  i r o n  complexes w i t h  cyste ine,  c i t r a t e  and g a l l i c  a c i d  i n  t h i s  research, 
t h e  s t a b i l i t y  constants o f  these complexes a re  g iven i n  Table 4. The so- 
c a l l e d  p e p t i z i n g  r e a c t i o n  o f  F e ( I I 1 )  d ispers ions  w i t h  o rgan ic  m a t e r i a l  i s  
probably the  r e s u l t  o f  t he  c h e l a t i n g  o f  o rgan ic  m a t e r i a l  on t h e  hydrolyzed 
f e r r i c  i r o n .  
5. Surface Chemistry o f  F e r r i c  Hydroxide 
The p r e c i p i t a t e s  o f  i r o n  hydroxides can i n t e r a c t  w i t h  o rgan ic  and 
i no rgan ic  anions as w e l l  as t h e  s o l u b l e  species o f  i r o n .  The i n c o r p o r a t i o n  
o f  coo rd ina t i ng  anions i n t o  bas i c  p r e c i p i t a t e s  s t r o n g l y  a f f e c t s  t h e  c o l  l o i d  
chemical p rope r t i es  o f  t he  d ispersed phase. An enhancement o f  t h e  c o l l o i d  
s t a b i l i t y  o f  these suspensions f r e q u e n t l y  r e s u l t s .  I t  i s  u s u a l l y  d i f f i c u l t  
t o  d i s t i n g u i s h  o p e r a t i o n a l l y  by convent ional  means (membrane f i l  t r a t i o n ,  
c e n t r i f u g a t i o n ,  d i a l y s i s )  between homogeneous phase so lub le  F e ( I I 1 )  
complexes and pept ized F e ( I I 1 )  d ispers ions .  I n  n a t u r a l  waters h igh  
concent ra t ions  o f  organic m a t e r i a l  a re  f requen t l y  associated w i t h  h i g h  
concentrat ions o f  opera t iona l  l y  "so lub len  i r o n  ( I  11). Most o f  the  so- 
c a l l e d  na tu ra l  c o l o r  o f  water i s  probably asc r i bab le  t o  h i g h l y  s t a b i l i z e d  
c o l l o i d a l  d ispers ions  where the  i n t e n s i v e  ye l l ow  s t a i n i n g  i s  caused 
p a r t i a l  l y  by complex format ion w i t h  hydrolyzed f e r r i c  i r o n .  
The zero p o i n t  o f  charge (ZPC) i s  convenient re fe rence f o r  p r e d i c t i n g  
t h e  charge dependent behavior o f  t he  suspensions o f  ox ide  minera ls .  The 
ZPC i s  t he  pH a t  which t h e  s o l i d  sur face charge f rom a l l  sources i s  zero. 
Below t h i s  pH, t h e  oxides c a r r y  a  p o s i t i v e  charge, w h i l e  they c a r r y  a  negat ive 
charge above t h i s  pH. The ZPC o f  a  complex ox ide  i s  approximate ly  t he  
weighted average o f  t h e  ZPC of  i t s  compounds. P red i c tab le  s h i f t s  i n  ZPC 
occur i n  response t o  s p e c i f i c  adsorp t ion  and t o  changes i n  c a t i o n  
coord ina t ion ,  c r y s t a l  1  i n i  ty, hyd ra t i on  s ta te ,  cleavage hab i t ,  sur face  
composit ion, and s t r u c t u r a l  charge o r  i o n  exchange capac i ty .  a-Fe203 
prepared by h y d r o l y s i s  and n o t  subsequently d r i e d  a t  h i g h  temperature has 
the  ZPC o f  8.5 and apparent ly  r e t a i n s  a  coat ing  o f  a-FeOOH (Parks, 1965; 
1967). 
Hydrous Fe oxides suspended i n  waters a r e  f r e q u e n t l y  present  
as amorphous o r  m i c r o c r y s t a l l i n e  form, charac ter ized by h igh  s p e c i f i c  
sur face area. Areas up t o  300 in2g-1 have been repo r ted  f o r  a- and y-FeOOH. 
These hydrous oxides, e s p e c i a l l y  a t  pH values h igher  than pHZpc, a r e  
capable o f  i n t e r a c t i n g  w i t h  ca t ions .  Sorp t ion  o f  metal ions  t o  these 
oxides may p r o p e r l y  be i n t e r p r e t e d  as sur face complex fo rmat ion  o r  as i o n  
exchange s ince hydrogen i o n s o r o t h e r c a t i o n s  are  released as metal ions become 
adsorbed. The adsorp t ion  has been found t o  be s t r o n g l y  dependent on pH. 
While adsorp t ion  w i t h  Group I and 11 ca t i ons  take  p lace predominant ly i n  
t he  d i f f u s e  p a r t  o f  t h e  e l e c t r i c a l  double l a y e r ,  t h e  t r a n s i t i o n  and heavy 
metal  i ons  becorne s p e c i f i c a l l y  a t tached  t o  t h e  sur face .  Representat ive 
r e s u l t s  o f  s t ud ies  on t h e  e q u i l i b r i u m  o f  t h e  pH-dependent s o r p t i o n  o f  
Mn( I1)  on Fe(OH)3 suspensions a r e  presented i n  F igu re  6. 

I V .  EXPERIMENTAL PROCEDURE 
1. C u l t u r e  Media 
The s o l i d  medium used f o r  t h e  i s o l a t i o n  o f  t he  Sphaao; t i e~~~s  wa
prepared accord ing  t o  Stokes ( 1  954). The s y n t h e t i c  sewage (S-medi um) 
fo rmu la ted  by Lackey and Wa t t i e  (1940) was employed i n  a l l  growth s tud ies .  
Th i s  medium was modi f ied somewhat f o r  d i f f e r e n t  s t ud ies .  The composi t ions 
of these media a r e  shown i n  Table 5. 
Table 5. A  Comparison of  Stokes '  Medium 
w i t h  Lackey and W a t t i e ' s  Medium 
Lackey and W a t t i e ' s  
Stokes ' medium medium ( i r o n  enr i ched)  
Compounds % mg/l mg/l 
g lucose 
peptone 
MgS04 
CaC12 
Na2HP04 
NaCl 
K C1 
wate r  
agar  
FeC1 
t a p  wate r  
1.25 
0.0006 
500 
100 
5.0 
7.0 
50 
15 
7.0 
d i s t i l l  water  
2. I s o l a t i o n  o f  SphaehaZd?un 
Sludge b u l k i n g  was induced i n  a  l a b o r a t o r y  a c t i v a t e d  s ludge u n i t  
r e c e i v i n g  a  subs t ra te  c o n s i s t i n g  p r i m a r i l y  o f  dex t rose  and peptone d i s -  
so lved  i n  t a p  water.  When the  sludge volume index  exceeded 500 and t he  
m i c r o b i a l  f l o r a  appeared t o  c o n t a i n  a  s u b s t a n t i a l  popul a t i o n  o f  S p h a m a U u n  
t h e  e f f l u e n t  f rom t h e  a c t i v a t e d  s ludge u n i t  was s t reaked  on t h e  Stokes 
medium and incuba ted  a t  37OC. Pure c u l t u r e s  were ob ta i ned  by r e s t r e a k i n g  
f r e s h  p l a t e s  w i t h  i s o l a t e d  c o l o n i e s  t h a t  appeared t o  be S p h a ~ n a ; t i e ~ .  The 
i s o l a t e d  c o l o n i e s  were con f i rmed t o  be S p h a m o L i l a  accord ing  t o  t h e  
d e s c r i p t i o n  presented by Pelezar  and Reid (1972). The procedures of 
Farquhar and Boy le  (1  971a) was used t o  determine t he  f o l l o w i n g  organism 
c h a r a c t e r i s t i c s :  
1  . Sul f u r  depos i t s  
2. Presence o f  a  sheath 
3. I r o n  o x i d a t i o n  
4. L i p i d  depos i t s  
Pure c u l t u r e s  were maint ianed on s o l i d  medium a t  5OC and t r a n s f e r r e d  
weekly. I n  o r d e r  t o  v e r i f y  t h e  i d e n t i f i c a t i o n  o f  t h e  i s o l a t e d  organism, a  
species o f  S p h a m o L L h ~ *  was ob ta ined  f rom the  American Type C u l t u r e  
C o l l e c t i o n  f o r  comparat ive purposes. 
The inoculum o f  S p h a m a Z d ? ~  used i n  t h e  pure c u l t u r e  s tud ies  was 
prepared p r i o r  t o  each t e s t  r u n  accord ing  t o  t h e  f o l l o w i n g  procedure: 
1. D i s t r i b u t e  S-medium i n  50 m l  q u a n t i t i e s  i n  a  p a i r  o f  250 ml 
f l a s k s  and s t e r i l l z e .  
2. I n o c u l a t e  one o f  t h e  f l a s k s  w i t h  S p h a m a m  f rom a  so l  i d  
medium c u l t u r e .  
*Sphaua;tieun natans Ku tz ing  15291 , The American Type C u l t u r e  C o l l e c t i o n  
12301 Parklawn Dr ive ,  R i c k v i l  l e ,  Mary1 and. 
3. Shake f o r  9  hours a t  room temperature.  
4. Examine c u l t u r e  m i c r o s c o p i c a l l y  t o  v e r i f y  pure c u l t u r e .  
5. T rans fe r  3  m l  o f  t h i s  c u l t u r e  t o  t h e  o t h e r  f l a s k  and shake 
f o r  9  hours. 
6. T h i s  second c u l t u r e  i s  t he  inoculum f o r  t he  pure  c u l t u r e  
s tud ies .  
T h i s  procedure was designed t o  min imize t h e  exper imenta l  e r r o r  o f  
i n o c u l a t i o n  by p r o v i d i n g  an inoculum w i t h  a  un i f o rm  concen t ra t i on  o f  
acc l  imated c e l l  s. 
3. R e s p i r a t i o n  Rates 
The s tandard Warburg manometric technique was used t o  determine t he  
r e s p i r a t i o n  r a t e  (growth r a t e )  o f  t h e  microorgar~isrns under d i f f e r e n t  t e s t  
c o n d i t i o n s .  The resp i rometer  employed i n  t h i s  s tudy  pe rm i t t ed  p r e c i s e  
temperature c o n t r o l  f r om 0°C t o  60°C. The u n i t  had 14 f l asks  and manometers 
which pe rm i t t ed  t e s t i n g  a  wide range f o r  a  g i ven  parameter a t  one t ime,  
4. I ron-Organic  I n t e r a c t i o n  
When i r o n  i s  added t o  t h e  c u l t u r e  medium, severa l  r e a c t i o n s  a r e  
poss ib l e .  Some o f  t he  i r o n  may p r e c i p i t a t e  as f e r r i c  hydrox ide o r  o t h e r  
i n s o l u b l e  i r o n  s a l t s .  C e r t a i n  compounds i n  t h e  c u l t u r e  medium may c h e l a t e  
t h e  i r o n ,  keeping i t  i n  s o l u t i o n  as an o rgan ic  che la te .  
Accord ing t o  Theis  and Singer  (1974),  t h e  procedure by which t he  
i r o n  i s  added has a  determinant  e f f e c t  on t h e  f o rma t i on  o f  t he  i r on -o rgan i c  
complex. When f e r r i c  i r o n  was added t o  t a n n i c  a c i d  M) i n  t h e  form 
o f  c r y s t a l s  o f  f e r r i c  p e r c h l o r a t e  [Fe(C104)3], a1 1  o f  t h e  f e r r i c  i r o n  
4  (10- M) was r a p i d l y  reduced t o  t h e  f e r r o u s  form and subsequent ly s t a b i l i z e d  
by t h e  t a n n i c  a c i d  a t  a  pH o f  6.3. When t h e  o r d e r  o f  a d d i t i o n  of t h e  f e r r i c  
i r o n  and o rgan ic  compound t o  t h e  r e a c t o r  was reversed,  t h e  i r o n  was n o t  
reduced by t he  t a n n i c  ac id ,  b u t  formed a  f e r r i c  hydrox ide  p r e c i p i t a t e .  
I n  t h e  p r e l i m i n a r y  s tud ies ,  t h e  S-medium cou ld  s t a b i l i z e  o n l y  1.5 
mg/l o f  i r o n  a t  a  n e u t r a l  pH. I n  o r d e r  t o  inc rease  t h e  s t a b i l i z a t i o n  
capac i t y  o f  t h e  S-medium, a d d i t i o n a l  o rgan ic  che l  a t i  ng agents were used. 
Cysteine, c i t r i c  a c i d  and g a l l i c  a c i d  were used i n  d i f f e r e n t  phases o f  t h e  
s tudy.  When adding i r o n  t o  t h e  S-medium, a  f r e s h l y  prepared s o l u t i o n  of  
FeC13 ( lo - '  M) was added p r i o r  t o  a d j u s t i n g  t h e  pH o f  t h e  medium t o  t he  pH 
o f  t h e  t e s t  c o n d i t i o n .  The s tock  s o l u t i o n s  o f  t h e  i r on -o rgan i c  complex 
( cys te i ne ,  c i t r i c  ac id ,  g a l l i c  a c i d )  were prepared by adding FeC13 t o  a  
s o l u t i o n  c o n t a i n i n g  lo-' M o f  t he  o rgan ic  compounds. The pH was then 
ad jus ted  t o  t h e  t e s t  c o n d i t i o n  and f i l t e r e d  through e i t h e r  a  PM-10 membrane 
( p o l a r  u l  t r a f i l  t r a t i o n  membrane w i t h  a  10,000 mo lecu la r  we igh t  c u t - o f f )  
o r  a  0.45 urn membrane f i l t e r .  The i r o n  pass ing these f i l t e r s  was cons idered 
t o  be t h e  " t o t a l  s o l u b l e  i r o n . "  
5. D i s t r i b u t i o n  o f  I r o n  Deposi ts  i n  t h e  Sphaem;t;ieun 
The de te rm ina t i on  o f  t h e  d i s t r i b u t i o n  o f  i r o n  across t h e  sheath 
and c e l l  w a l l  o f  t he  i r on -o rgan i c  complex i n h i b i t e d  Sphamuk.ieun would be 
h e l p f u l  i n  understanding t h e  mechanism f o r  t h e  adso rp t i on  o f  i r o n  by t h i s  
organism. Some o t h e r  c h a r a c t e r i s t i c s  o f  t h e  i r o n  adsorp t ion ,  i . e . ,  
k i n e t i c  o f  t h e  r e a c t i o n ,  e f f e c t  o f  t h e  concen t ra t i on  o f  c e l l  and o rgan i c  
cornplexing agents, were a l s o  s tud ied .  The procedures f o r  t h i s  s tudy  were 
s e t  as f o l  lows: 
Determina t ion  o f  t h e  D i s t r i b u t i o n  --- o f  I r o n  --i n  SphueP/r/ru;f;iLun 
( 1  ) S t e r i l i z e  500 ml o f  S-rnediurn i n  a  1000 r r ~ l  Erlenmeyer f l a s k .  
( 2 )  I n o c u l a t e  t h e  medium w i t h  10 rnl o f  t h e  l o g  growth phase 
c u l t u r e  o f  S p h u u a M u n .  
( 3 )  Se t  t h e  f l a s k  on a  shaker, 
( 4 )  A f t e r  9  hours o f  i n cuba t i on ,  determine t h e  c e l l  concen t ra t i on .  
(5 )  Add 20 mg/l o f  i r o n - c y s t e i n e  complex i n  t h e  c u l t u r e ;  bo th  
c u l t u r e  and iron-cornplex s o l u t i o n  a r e  ad jus ted  t o  pH 6  be fo re  
t hey  a r e  mixed. 
(6 )  Set  t h e  f l a s k  on a  shaker f o r  two hours.  
( 7 )  Analyze t h e  sarnple as pe r  t h e  f l owshee t  i n  F i g u r e  7.  
As shown i n  t h e  f lowsheet ,  t h e  sample was sub jec ted  t o  a  sequence o f  
c e n t r i f u g a t i o n s  a t  6,000 rprn, 10,000 rpm and 10,000 rprn ( S e r v a l l  Superspeed 
Cen t r i f uge ,  SS-34 r o t o r )  t o  wash o u t  t h e  r e s i d u a l  s o l u b l e  i r o n  complex and 
remove t h e  outermost  l a y e r  o f  s l ime  on t h e  SphaetraLilu~. Then, t h e  sheath 
o f  S p h a ~ h o M w  was i s o l a t e d  f rom the  p r e c i p i t a t e  by t h e  method descr ibed  
by Romano and Pe loqu in  (1963).  The washed c e l l  mass was suspended i n  0.03 M 
tri ~ ( h y d r o x y m e t h y l  )aminomethane (pH 8 .0 ) .  Te t rasod i  um EDTA and lysozyme 
were added a t  f i n a l  c o n c e n t r a t i o n  o f  500 mg/l and 125 mg/ l ,  r e s p e c t i v e l y .  
T h i s  suspension was incuba ted  a t  37OC f o r  45 rnin. A t  t h i s  t i m e  sodium 
dodecyl  s u l f a t e  was added t o  g i v e  a  f i n a l  c o n c e n t r a t i o n  o f  0.01 M, incuba-  
t i o n  was con t inued  f o r  an a d d i t i o n a l  30 rnin. T h i s  procedure r e s u l t e d  i n  
t h e  complete l y s i s  o f  c e l l s  w i t h i n  t h e  sheath and leaves  t h e  sheath 
und isso lved  f o r  f u r t h e r  a n a l y s i s .  The sheath was recovered by c e n t r i f u g a -  
t i o n  a t  15,000 rpm f o r  20 rnin i n  a  S e r v a l l  Superspeed c e n t r i f u g e  and was 
washed 3  t imes  w i t h  d i s t i l l e d  water .  The sheath m a t e r i a l  was h y d r o l i z e d  
Shaker for 
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Figure 7.  The Ana ly t i ca l  Procedure f o r  the  Determination o f  the 
D i s t r i b u t i o n  o f  I r o n  i n  S p h a a o U  
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V. RESULTS AND DISCUSSION 
1 . SphaetroZLlu Spec i es 
I n  o r d e r  t o  o b t a i n  the  Sphaetro t ih  organism, bulked a c t i v a t e d  sludge 
was produced a t  a  l a b o r a t o r y  a c t i v a t e d  sludge system. The normal sludge i n  
t h i s  system when fed  w i t h  sewage had a dark brown c o l o r  and Sludge Volume 
Index (SVI) around 70. As t h e  sewage i n  t he  feed was replaced w i t h  a 
s y n t h e t i c  medium and dech lo r ina ted  t a p  water, t h e  c o l o r  o f  t he  sludge 
changed f rom dark brown t o  l i g h t  brown and then wh i te .  The S V I  of t he  
sludge increased f rom 70 t o  over 1000. Because t h e  bulked sludge s e t t l e d  
p o o r l y  and d i d  n o t  compact w e l l  i n  t h e  secondary s e t t l i n g  tank, l a r g e  
q u a n t i t i e s  o f  t he  sludge w e r e l o s t  i n  the  secondary e f f l u e n t .  The concen- 
t r a t i o n  o f  suspended s o l i d s  i n  t h e  a e r a t i o n  bas in  mixed l i q u o r  decreased 
t o  l ess  than 1000 mg/l even though t h e  r e t u r n  sludge r a t i o  o f  t h e  a c t i v a t e d  
sludge system had been increased t o  3.0. 
A s i g n i f i c a n t  s h i f t  i n  the m i c r o b i a l  popu la t i on  was observed. 
Filamentous organisms from the  bulked sludge were examined w i t h  t he  iden-  
t i f i c a t i o n  methods descr ibed prev ious ly .  The popu la t i on  o f  SphamoZLlun 
increased r a p i d l y  and a t  l a s t  became the  predominate species i n  t h e  sludge. 
A pure c u l t u r e  o f  Sphaetro;tieun was obta ined by s t reak ing  t h e  
e f f l u e n t  f rom the  bulked a c t i v a t e d  sludge system on s o l i d  medium and 
r e s t r e a k i n g  the  i s o l a t e d  co lon ies  o f  SphamoUun on f r e s h  p la tes .  The 
growth ob ta ined on t h i s  s o l i d  medium was good and was charac ter ized  by 
outgrowths a long the  l i n e s  o f  i n o c u l a t i o n  which had rough edges and a 
wavy i n t e r l a c e d  center .  The pure c u l t u r e  was then t r a n s f e r r e d  f rom the  
s o l i d  medium t o  S-medium and incubated a t  room temperature (23OC). A f t e r  
9 hours o f  incubat ion ,  t he  c u l t u r e  was conf irmed t o  be SphamoZLlu. 
The organisms enclosed t h e i r  rod-shaped c e l l s  i n  sheaths. Fa lse 
branching was found w i t h  some t r ichomes i n  t h e  mixed c u l t u r e .  The Pruss ian 
B lue  t e s t  showed t h a t  b o t h  organisms f rom t h e  mixed c u l t u r e  and pure c u l t u r e  
i s o l a t e  o x i d i z e d  f e r r o u s  i r o n  t o  f e r r i c  form under aerob ic  c o n d i t i o n  and 
p r e c i p i t a t e d  t h e  f e r r i c  i r o n  on t h e i r  sheaths. A l though t h e  organisms 
f rom bo th  mixed and pure c u l t u r e s  showed p o s i t i v e  responses i n  s u l f u r  
d e p o s i t  and l i p i d  d e p o s i t  t e s t s ,  t h e  organisms from t h e  mixed c u l t u r e  
conta ined more s u l f u r  i n  t h e  c e l l s  w h i l e  t h e  pure c u l t u r e  i s o l a t e  conta ined 
more l i p i d .  
The S p h u m o m  species i s o l a t e d  i n  t h i s  s tudy was a gram-negative 
and c a t a l a s e - p o s i t i v e  organism. It can use e i t h e r  peptone o r  ammonium 
s u l f a t e  as a n i t r o g e n  source. The optimum amount o f  ammonium s u l f a t e  t h a t  
can be added t o  r ep lace  peptone as t h e  n i t r o g e n  source i n  S-medium was 
found t o  be around 25 mg/l. When t h e  mod i f i ed  S-medium was supplemented 
w i t h  4 ppb o f  v i t a m i n  BIZ (cyanocobalamine), a s u b s t a n t i a l  i nc rease  i n  
growth r a t e  was observed. However, no growth was obta ined w i t h  sodium 
n i t r a t e  as t h e  n i t r o g e n  source. Growth o f  t h e  Sphaet raUun i s o l a t e  was 
found t o  occur  a t  temperatures up t o  40°C, w h i l e  no growth was observed a t  
10°C. The d e s i r a b l e  pH range was found t o  be f rom 6.0 t o  9.0. For  t h e  
above eva lua t i ons ,  t h e  growth r a t e  was measured by t h e  maximum oxygen 
consumption r a t e  as determined by t h e  Warburg manometric technique.  
A S p h u ~ h a ~ u n  species ( S p h a m o m  ncLtuMn KuJtzing 15291 ) was 
obta ined from t h e  American Type C u l t u r e  C o l l e c t i o n  (ATCC) t o  v e r i f y  t h e  
i d e n t i f i c a t i o n  technique. The ATCC species o f  S p h u e t r o m  was i d e n t i f i e d  
t o  have t h e  same morphology and cy to l ogy  as t h e  i s o l a t e d  species.  
When t h e  r e s u l t s  from t h i s  s tudy a re  compared w i t h  t h a t  i n  t he  
1  i t e r a t u r e  (Stokes, 1954; Farqut-~ar and Boy1 e, 1971 a, 1971 b )  , they  are  
r a t h e r  c lose .  A comparison o f  t h e  i s o l a t e d  species w i t h  t h e  ATC species 
and the  l i t e r a t u r e  r e p o r t s  i s  g iven  i n  Table 6. 
Table 6. A Comparison o f  t he  Sphaaa;tieun I s o l a t e  
w i t h  ATCC Species and L i t e r a t u r e  Reports 
Character 
Is01 ated ATCC * L i t e r a t u r e  
Species Species Reports 
Colonies Outgrowths w i t h  Outgrowths w i t h  (1  ) Outgrowths w i t h  
rough edges rough edges rough edges 
a long the  l i n e s  a long t h e  l i n e s  a long the  l i n e s  
o f  i n o c u l a t i o n  o f  i n o c u l a t i o n  o f  i n o c u l a t i o n  
Sheath p o s i t i v e  p o s i t i v e  ( I ) ,  ( 2 )  p o s i t i v e  
Shape o f  c e l l  1.0 urn t o  2.0 pm 1.5 pm t o  2.0 pm ( 1 )  1.0 urn t o  2.0 pm 
by 3.0 urn t o  by 3.0 urn t o  by 2.0 prrl t o  
8.0 urn rod  8.0 urn r o d  8.0 pm r o d  
I r o n  o x i d a t i o n  p o s i t i v e  p o s i t i v e  ( 2 )  p o s i t i v e  
S u l f u r  depos i t  p o s i t i v e  p o s i t i v e  ( 2 )  p o s i t i v e  
L i p i d  depos i t  p o s i t i v e  p o s i t i v e  (1  ) , (2) p o s i t i v e  
Gram-stain negat ive  negat ive - - 
Catal ase p o s i t i v e  p o s i t i v e  - - 
Growth temperature 15"-40°C 10"-42°C ( 1 )  10"-40°C 
Growth pH 6.0-9.0 5.5-9.0 ( 1 )  5.5-9.0 
U t i l i z a t i o n  
o f  n i t r a t e  negat ive  negat ive  
U t i l i z a t i o n  
o f  ammonia 
n i  t rogen p o s i t i v e  p o s i t i v e  ( 1 )  p o s i t i v e  
( 1 )  Stokes (1954). 
( 2 )  Farquhar and Boyle (1971a, 1971 b ) .  
2. R e s p i r a t i o n  P a t t e r n  
The r e s p i r a t i o n  r a t e  o f  S p h a m u U  was measured by t h e  oxygen 
consumption as determined by t h e  manometric technique.  F i gu re  8 shows an 
oxygen consumption curve  f o r  S p h a m u ; t i e ~ .  The s lope  of t h e  curve i s  t h e  
r e s p i r a t i o n  r a t e  o f  t he  c u l t u r e .  Dur ing  t h e  f i r s t  s i x  hours o f  t h e  Warburg 
t e s t  t he  concen t ra t i on  o f  subs t ra te  compared t o  t h e  c e l l  concen t ra t i on  was 
r e l a t i v e l y  h igh .  T h i s  was t h e  l o g  growth phase where organism mass was 
t h e  predominate r a t e  l i m i t i n g  f a c t o r  f o r  t h e  r e s p i r a t i o n .  C e l l s  were 
h i g h l y  a c t i v e  i n  syn thes i z i ng  new c e l l s  and t h e  new c e l l s  increased t he  
r e s p i r a t i o n  r a t e .  
A f t e r  t h e  l o g  growth phase, t h e  concen t ra t i on  o f  s u b s t r a t e  decreased 
t o  a  lower  l e v e l  so t h a t  i t  became t h e  r a t e  l i m i t i n g  f a c t o r  and t h e  r a t e  of  
c e l l  s yn thes i s  f o r  each c e l l ,  i . e . ,  s p e c i f i c  growth r a t e ,  began t o  decrease. 
Accord ing ly ,  t he  s lope  o f  t h e  curve, i . e . ,  t h e  r e s p i r a t i o n  r a t e ,  begins t o  
decrease. The maximurn r e s p i r a t i o n  r a t e  occur red  d u r i n g  t h i s  p e r i o d  and t h e  
curve approximates a  s t r a i g h t  l i n e .  Since t h e  r e s p i r a t i o n  r a t e  i s  d i r e c t l y  
r e l a t e d  t o  t h e  c e l l  syn thes is ,  t h e  rnaximu~n r e s p i r a t i o n  r a t e  would be 
p r o p o r t i o n a l  t o  t h e  rnaxirnum growth r a t e  o f  t h e  c u l t u r e .  I t  would be 
reasonable t o  use t h e  maximu~n r e s p i r a t i o n  r a t e  t o  express t h e  maximum 
growth r a t e  o f  t h e  organism on S-rnediurn. 
A f t e r  24 hours o f  r e s p i r a t i o n ,  t h e  c u l t u r e  was f i l t e r e d  through a  
0.45 um membrane. TOC a n a l y s i s  o f  t h e  f i l t r a t e  showed t h a t  54 percen t  o f  
t h e  o rgan i c  carbon o f  t h e  rnediurrl rerrlained i n  t h e  f i l t r a t e .  A concen t ra t i on  
o f  105 mg/l of  t o t a l  suspended s o l i d s  was found a f t e r  24 hours o f  growth. 
These suspended s o l i d s  was presumed t o  be t h e  concen t ra t i an  of c e l l s  i n  t h e  

c u l t u r e .  Assuming t h a t  55 percen t  o f  t h e  c e l l  mass i s  o rgan i c  carbon, an 
e q u i v a l e n t  c o n c e n t r a t i o n  o f  58 mg/l o f  o rgan ic  carbon would be p resen t  i n  
t h e  s o l i d  phase i n  t h e  c u l t u r e .  
As F igu re  8  shows, t h e  t o t a l  oxygen consumption o f  t h e  ba tch  o f  t h e  
c u l t u r e  i s  2  m l  o f  0.089 m moles. I t  i s  assumed t h a t  t h e  consumption o f  
oxygen by t h e  c u l t u r e  i s  f o r  t h e  o x i d a t i o n  o f  t h e  carbon i n  t h e  S-medium. 
The e q u i v a l e n t  amount o f  o rgan i c  carbon o x i d i z e d  i s  1.07 mg o r  42.8 mg/l 
based on t h e  volume o f  t h e  c u l t u r e .  
T h e o r e t i c a l l y ,  t h e  sum o f  t h e  o rgan i c  carbon i n  t h e  s o l i d  phase and 
gas phase i s  t h e  t o t a l  convers ion  o f  t h e  o rgan i c  carbon i n  t h e  S-medium 
d u r i n g  t h e  24 hours r e s p i r a t i o n  pe r i od .  The sum o f  t h e  o rgan i c  carbon i n  
t h e  s o l i d  phase and gas phase analyzed i s  100.8 mg/l o r  40.32 percen t  of 
t h e  t o t a l  o rgan i c  carbon i n  t h e  S-medium (250 mg / l ) .  The r e s u l t  f rom t h e  
above c a l c u l a t i o n  i s  c l o s e  t o  t h e  carbon l o s s  c a l c u l a t e d  f r om t h e  TOC 
a n a l y s i s  (46%).  The above c a l c u l a t i o n s  show t h a t  a  reasonable  mass balance 
i s  ob ta i ned  w i t h  t h e  a n a l y t i c a l  methods employed i n  t h i s  s tudy .  
3. I ron -Organ ic  I n t e r a c t i o n  
The i n h i b i t i o n  o f  S p h a m a 2 i h  w i t h  a  c o n c e n t r a t i o n  o f  25 mg/l o f  
FeC13 i n  S-medium was repo r t ed  by Waitze and Lackey (1959).  S ince t h e  
s o l u b i l i t y  o f  t h e  f e r r i c  i ons  under n e u t r a l  pH c o n d i t i o n  i s  v e r y  low, t h e  
i n h i b i t i o n  o f  S p h a m a U u n  by t h e  f e r r i c  i o n  seems t o  be u n l i k e l y .  However, 
f e r r i c  i o n  may i n t e r a c t  w i t h  o rgan i c  m a t t e r  t o  fo rm s o l u b l e  i r o n  complexes. 
The i n h i b i t i o n  o f  S p h a m a U u n  wou1.d be f r om t h e  i n t e r a c t i o n  o f  t h e  organisms 
w i t h  t h e  s o l u b l e  i r o n  complexes. 
I n  t h e  p r e l i m i n a r y  study, S-medium was found t o  s t a b i l i z e  o n l y  
1.5 mg/l o f  i r o n  a t  n e u t r a l  pH. As F igu re  9  shows, t h e  s t a b i l i z i n g  
c a p a c i t y  o f  S-medium f o r  i r o n  depends upon t he  amount o f  FeC13 added t o  
t h e  medium. So l l tb le  i r o n  i n  t h e  S-mediuni inc reases  w i t h  t h e  i nc reas ing  
a d d i t i o n s  o f  FeC13 up t o  1.5 m g l l  as Fe. It begins t o  decrease w i t h  
f u r t h e r  a d d i t i o n  o f  FeC13. When t h e  a d d i t i o n  o f  FeC13 exceeds 4  mg/l as 
Fe, a l l  t h e  i r o n  p r e c i p i t a t e s .  For t h e  purposes o f  t h i s  s tudy,  i n c r e a s i n g  
t h e  s t a b i l i z i n g  c a p a c i t y  o f  S-mediuni f o r  i r o n  by adding c e r t a i n  complexing 
agents t o  t h e  S-medium was necessary. 
A f t e r  comparing severa l  poss ib l e  reagents,  cys te i ne ,  c i t r i c  a c i d  
and g a l l i c  a c i d  were se lec ted .  Cys te ine  and ga l  1  i c  a c i d  can reduce f e r r i c  
i r o n  t o  t h e  f e r r o u s  form and r e t a r d  t h e  o x i d a t i o n  o f  t h i s  reduced fer rous 
i r o n  w h i l e  c i t r i c  a c i d  can c h e l a t e  f e r r i c  i r o n  and p reven t  t h e  i r o n  f rom 
p r e c i p i t a t i n g .  Sorne i nforrnat ion rega rd ing  t h e  i n t e r a c t i o n  o f  these compounds 
w i t h  f e r r i c  i r o n  have been found i n  l i t e r a t u r e .  However, t h e  c o n d i t i o n s  
under which t h i s  in fo r rna t io r l  was ob ta ined  may n o t  be a p p l i c a b l e  t o  t h i s  
s tudy.  It w i l l  be necessary t o  v e r i f y  t h e  i n t e r a c t i o n  between f e r r i c  i r o n  
and t h e  se lec ted  corrlplexing agents, i .e., c ys te i ne ,  c i t r i c  a c i d  and g a l l  i c  
ac i d ,  b e f o r e  s tudy ing  t h e  i r l l l i b i t o r y  e f f e c t  o f  i r o n  on S p h u m o ~ u b  
The e f f ec t  o f  r e a c t i o n  t ime  on t h e  s t a b i l i z a t i o n  o f  i r o n  by these 
o rgan i c  cornpl e x i  ng agents was determined f i r s t .  Accord ing t o  t h e  r e p o r t  o f  
Theis  and S inger  (1974), t h e  p,rocedure o f  t h e  i r o n  a d d i t i o n  has a  determinant  
e f f e c t  on t h e  forrnat ion of i r on -o rgan i c  complex.. When i r o n  s a l t  was added t o  
t a n n i c  a c i d  s o l u t i o n ,  t h e  r e a c t i o n  was cornplete b e f o r e  t h e  f i r s t  sample cou ld  
be taken. A  s u i t a b l e  amount of o rgan i c  complexing agent was added i n  a  f l a s k  
c o n t a i n i n g  500 m l  of S-medium and then  FeC13 was added. I n  t he  p r e l  im ina ry  
Addition of Fe C13 in  S -  Medium (mg/ 8 as Fe ) 
F igu re  9. The S t a b i l i z i n g  Capaci ty  o f  S-medium 
f o r  I r o n  a t  pH 7.0 
t e s t  i t  was found  t h a t  t h e  s u i t a b l e  amount o f  s o l u b l e  i r o n  f o r  i n h i b i t i n g  
t h e  growth o f  SphamotLLun was i n  t h e  range o f  5  t o  20 mg/l . The arr~ount o f  
o rgan ic  complexing agents  cor responding t o  t h i s  range o f  s o l u b l e  i r o n  were 
approx imate ly  2  x  1 0 ' ~  M f o r  c y s t e i n e  and 0.5 x  M f o r  c i t r a t e  and g a l l i c  
ac id ,  o r  244 mg/l f o r  c ys te i ne ,  96 mg/l f o r  c i t r a t e  and 85 mg/l f o r  ga l  l i c  
ac i d .  It was dec ided  t h a t  200 mg/l o f  c y s t e i n e  and 100 mg/l o f  c i  t r a t e  and 
g a l l i c  a c i d  would be t h e  c o n c e n t r a t i o n  o f  complexing agents used i n  t h i s  s tudy.  
The pH o f  t h e  s tock  s o l b t i o n  o f  t h e  o rgan i c  complexing agents  was 
measured a t  1.91, 3 .0  and 4.4 f o r  c ys te i ne ,  c i t r a t e  and g a l l i c  a c i d ,  
r e s p e c t i v e l y .  A f t e r  these compounds were added sepa ra te l y  t o  t h e  S-medium, 
t h e  pH of  t h e  media s h i f t e d  t o  near  t h e  pH o f  t h e  o rgan i c  complexing agents.  
When t h e  FeC13 s o l u t i o n  (pH 1.7) was added, l i t t l e  change o f  pH was found. 
The f l a s k  c o n t a i n i n g  t h e  S-medium p l u s  t h e  o rgan i c  complex and i r o n  was s e t  
on a shaker.  Sarr~ples were taken f rom t h e  f l a s k  a f t e r  'a predetermined 
r e a c t i o n  p e r i o d  and immediate ly  f i l t e r e d  th rough  a PM 10 membrane (The 
sarr~ples f o r  i r o n - c y s t e i n e  r e a c t i o n  were ad jus ted  t o  pH 3.0 w i t h  NaOH t o  
p r e c i p i t a t e  f e r r i c  i o n  be fo re  t h e  f i  1 t r a t i o n )  . 
S ince  t h e  f e r r i c  i o n  c o n c e n t r a t i o n  i s  around 0.5 mg/l a t  pH 3.0, 
a l l  t h e  i r o n  i n  t h e  f i l t r a t e  i s  presumably i n  i r o n - o r g a n i c  compolex. As 
F igu re  10 shows, a l l  r e a c t i o n s  a r e  a c t u a l l y  complete b e f o r e  t h e  f i r s t  
sample i s  f i l t e r e d  th rough  PM 10 membrane. T h i s  s tudy  i n d i c a t e s  t h a t  when 
t h e  i r o n  i s  added t o  t h e  medium accord ing  t o  t h e  procedure descr ibed  above, 
t h e  i n t e r a c t i o n  o f  i r o n  w i t h  o rgan i c  complexing agents w i l l  be complete i n  
5  minutes.  
C'P H d 
A study o f  the  s t a b i l i z a t i o n  capac i ty  o f  t he  organic cornplexing 
agents f o r  i r o n  was conducted. With the  a d d i t i o n  o f  these complexir~g agents 
t o  the  S-medium, h igh  concentrat ions o f  so lub le  i r o n  were s t a b i l i z e d  a t  a  
neu t ra l  pH. The concent ra t ion  o f  the  so lub le  i r o n  complexes increases w i t h  
increas ing  a d d i t i o n  o f  compl ex ing  agents i n  S-medium (see F igure  11 ) . With 
the  a i d  o f  t h i s  f i g u r e ,  any concent ra t ion  o f  so lub le  i r o n  complexes can be 
prepared by adding a  s u i t a b l e  amount o f  complexing agent t o  the  S-medium. 
The e f fec t  of pH on the  s t a b i l i z i n g  capac i ty  o f  t h e  complexing agents 
f o r  i r o n  was determined. As discussed prev ious ly ,  200 mg/l o f  cys te ine  and 
100 mg/l o f  c i t r a t e  and g a l l i c  a c i d  were se t  as the  experimental  concentra- 
t i o n s  f o r  t h i s  study. As Figure 12 shows, t he  s t a b i l i z i n g  capac i t i es  of 
cys te ine  and c i t r a t e  f o r  i r o n  decreases w i t h  increas ing  pH w h i l e  t he  pH has 
very  l i t t l e  e f f e c t  on the  gal l i c  a c i d  complex s t a b i l i t y .  
It has a l s o  been found t h a t  the  i ron -cys te ine  complex i s  n o t  s tab le  
a t  a  pH h igher  than 6.0. As p rev ious l y  discussed, t h e  i r o n  i n  the  i r o n -  
cys te ine  complex i s  i n  t he  fe r rous  form. A t  h igh  pH, fe r rous  i r o n  was 
found t o  be d e s t a b i l i z e d  from the  complex and ox id ized t o  f e r r i c  i r o n  and 
then p r e c i p i t a t e d .  The d e s t a b i l i z i n g  r a t e  o f  the  complex was found t o  be 
pH dependent. The h a l f - l i f e  o f  the  complex ranges from 1  week a t  pH 6.0 
t o  1  hour a t  pH 7.0. For t h i s  reason, i t  was decided t o  ma in ta in  the  pH 
o f  medium a t  6.0 f o r  eva lua t ing  the  i n h i b i t o r y  e f f e c t  o f  i r on -cys te ine  
complex on Sphamu;tieun wh i le  main ta in ing  a  n e u t r a l  pH f o r  t he  o the r  two 
complexes. 
Because ca lc ium and magnesium can a l so  che la te  on organic complexing 
agents, t he  presence o f  these metals i n  the  medium may decrease the  s t a b i l -  
i z i n g  capac i t y  o f  c i t r a t e  f o r  i r o n .  It was repor ted  t h a t  a  decrease o f  
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80 percent  o f  i r o n - c i t r a t e  complex was found by adding 400 mg/l o f  ca lc ium 
i n  a  s o l u t i o n  con ta in ing  4  mg/l of c i t r a t e  and 0.1 mg/l o f  i r o n  a t  neu t ra l  
pH (Sturnrn and Morgan, 1970). However, l i t t l e  decrease i n  the  s t a b i l i z i n g  
++ 
capac i t y  o f  c i  t r a t e  f o r  i r o n  was observed when 100 mg/l o f  Ca and 50 mg/l 
o f  M ~ + +  were added i n  t he  S-medium con ta in ing  100 mg/l o f  c i  t r a t e .  I n  
s i m i l a r  experiments w i t h  200 mg/l o f  cys te ine  and 100 mg/l o f  g a l l i c  acid, 
no e f f e c t  was found (F igure  13) .  
Because o f  the d i f f e r e n t  experimental  cond i t i ons ,  i t  i s  u n r e a l i s t i c  
t o  compare the  r e s u l t  o f  t h i s  experiment t o  the l i t e r a t u r e  r e p o r t s .  The 
c o n s t i t u e n t s  i n  the  s o l u t i o n  o f  t h e  l a t t e r  a re  much more compl icated than 
the  former. I n  a d d i t i o n  t o  t he  h igher  concent ra t ion  o f  c i t r a t e  and lower 
+ + 
a d d i t i o n  of Ca , the presence of phosphate and o the r  cons t i t uen ts  i n  t he  
medium must a l so  be taken i n t o  account. 
4. I n h i b i t o r y  E f f e c t  o f  I r o n  P r e c i p i t a t e s  on S p h a a a U  
When an i r o n  s a l t  i s  added t o  t h e  a c t i v a t e d  sludge system, i r o n  
w i l l  e i t h e r  i n t e r a c t  w i t h  o rgan ic  sludge o r  p r e c i p i t a t e .  I t  i s  d e s i r a b l e  
t o  know i f  i r o n  p r e c i p i t a t e s  have an i n h i b i t i o n  e f f e c t  on Sphaaa;ti&s. 
Among t h e  i r o n  p r e c i p i t a t e s  one needs t o  cons ider  p r i m a r i l y  f r e s h  Fe(OH)3, 
aged ( 5  days) Fe(OH)3 and FeC03. Although i r o n  phosphate may be among 
the  p r e c i p i t a t e s ,  i t s  amount w i l l  depend on the concent ra t ion  o f  a v a i l a b l e  
phospahte. Because of t he  s i m i l a r i t y  o f  aluminum t o  f e r r i c  i r o n  i n  phys i ca l -  
chemical p rope r t i es ,  the  i n h i b i t i o n  e f f e c t  o f  A1(OH)3 on S p h a a o U u  was 
a l s o  s tud ied .  
The i r o n  p r e c i p i t a t e s  and aluminum hydrox ide were prepared 
f o r  use i n  t h i s  study. Since fe r rous  i o n  i s  ox id i zed  r a p i d l y  
i n t o  f e r r i c  form under aerobic and neu t ra l  pH 
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cond i t i ons ,  t h e  s t a b i l i t y  o f  FeC03 has t o  be cons idered.  P a r t  of FeC03 was 
found t o  be o x i d i z e d  and p r e c i p i t a - t e d  as F e ( 0 ~ ) ~  when t he  s tock  s o l u t i o n  o f  
FeC03 was prepared. Th i s  Fe(OH)3 may p r e c i p i t a t e  on t h e  surface o f  FeC03 
p a r t i c l e s  and fo rm a  p r o t e c t i o n  l a y e r  p reven t ing  FeC03 f rom f u r t h e r  ox ida-  
t i o n .  Hence, t h e  FeC03 p a r t i c l e s  a c t u a l l y  were coated w i t h  a  l a y e r  o f  newly 
p r e c i p i t a t e d  Fe(OH)3 and would have s im i  l a r  phys i ca l  -chemical p r o p e r t i e s  as 
f r e s h  Fe(OH)3 p r e c i p i t a t e .  
I r o n  p r e c i p i t a t e s  were found t o  have v e r y  l i t t l e  i n h i b i t o r y  e f f e c t  
on S p h a m o M u n  (F i gu re  14 ) .  Among t h e  i r o n  p r e c i p i t a t e s  s tud ied ,  aged 
Fe(OH)3 was found t o  be t he  most e f f e c t i v e .  However, i t  r e q u i r e d  1000 mg/l 
o f  Fe(OH)3 t o  reach 70 percen t  i n h i b i t i o n .  The i n h i b i t o r y  e f f e c t  was 
i n t e r p r e t e d  as t h e  percentage r e d u c t i o n  i n  maximum r e s p i r a t i o n  r a t e  o f  
t h e  Sphamu;t ieun c u l t u r e  moni tored w i t h  t h e  manometric technique.  
A f t e r  24 hours o f  incuba t ion ,  t h e  i n h i b i t e d  c u l t u r e s  were examined 
m i c r o s c o p i c a l l y .  The organisms i n  t h e  c u l t u r e s  i n h i b i t e d  w i t h  aged Fe(OH)3 
were coated w i t h  a  l a y e r  o f  Fe(OH)3 p a r t i c l e s  o u t s i d e  t h e i r  sheath. The 
s i z e  o f  t h e  p a r t i c l e s  was approx imate ly  0.1 prrl i n  d iameter .  The t h i ckness  
of t h e  c o a t i n g  v a r i e d  and p a r t s  o f  t h e  organism were n o t  coated a t  a l l .  The 
c u l t u r e s  i n h i b i t e d  w i t h  f r e s h  Fe(OH)3 and FeC03 were s i m i l a r  t o  each o t h e r  
i n  morphology as p r e d i c t e d  i n  t h e  prev ious d i scuss ion .  The p a r t i c l e s  had 
been condensed t o  f l o c s  and l a r g e  p a r t s  o f  t h e  organism were n o t  coated 
w i t h  t he  p a r t i c l e s .  The c u l t u r e  i n h i b i t e d  w i t h  A1 (OH)3 was cha rac te r i zed  
by a  r a t h e r  t h i c k  un i f o rm  l a y e r  o f  A1 (OH)3 on t h e  sur face  o f  S p h a a o W . w .  
However, t h e  A1(OH)3 l a y e r  appeared t o  be p o o r l y  a t tached  t o  t h e  su r f ace  o f  
t h e  organism and a l s o  t h e  l a y e r  was n o t  ve ry  compact ( F i g u r e  15) .  


The mechanism f o r  i n h i b i t i n g  S p h . a . m o ; t i e ~  w i t h  i r o n  p r e c i p i t a t e s  
would be f rom t h e  i n t e r a c t i o n  o f  t h e  i r o n  p r e c i p i t a t e s  w i t h  t h e  organisms. 
The c o a t i n g  o f  i r o n  p a r t i c l e s  o u t s i d e  t h e  sheath o f  t he  organism would become 
a  b a r r i e r  t o  t h e  t r a n s p o r t  o f  n u t r i e n t s  th rough  t h e  sheath and c e l l  w a l l  and 
hence i n h i b i t  t h e  growth o f  t h e  organism. 
The e f f e c t i v e n e s s  o f  t h e  i r o n  p r e c i p - i t a t e s  i n  i n h i b i t i n g  S p h a e h a l i l u n  
depends on t h e  c h a r a c t e r i s t i c s  o f  t h e  i r o n  l a y e r  o u t s i d e  t h e  sheath o f  t h e  
organism. Aged Fe(OH)3 covered almost a l l  of t he  organism w h i l e  f r e s h  Fe(OH)3 
and FeC03 covered a  smal l  p o r t i o n  o f  t h e  organism. Consequently aged Fe(OH)3 
i s  more e f f e c t i v e  than  f r e s h  Fe(OH)3 and FeC03 i n  i n h i b i t i n g  S p h a e m f i e u 6 .  
Al though A1(OH)3 forms a  t h i c k  u n i f o r m  l a y e r  o u t s i d e  t he  organism, i t  
i s  p o o r l y  a t tached  t o  t he  organism and a l s o  n o t  v e r y  compact. These charac- 
t e r i s t i c s  may be used t o  e x p l a i n  t he  i n e f f e c t i v e n e s s  o f  A1 (OH)3 i n  i n h i b i t i n g  
S p h a m a u u n .  By comparing t h e  c h a r a c t e r i s t i c s  o f  t he  i r o n  l a y e r  and aluminum 
l a y e r  on t h e  organism, i t  i s  be l i eved  t h a t  t h e  i r o n  p r e c i p i t a t e s  would form 
chemical bonds w i t h  t h e  sheath o f  t h e  organism. As t h e  sur face  c h a r a c t e r i s t i c s  
o f  t h e  i r o n  hydrox ides and t h e  i n t e r a c t i o n  between t h e  f e r r i c  i r o n  and o rgan i c  
ma t te r  a r e  cons idered,  t h i s  assumption appears reasonab'le. Because t h e  
i n t e r a c t i o n  p o t e n t i a l  of aluminum w i t h  o rgan i c  m a t t e r  i s  much l e s s  than  f e r r i c  
i r o n  ( S i l l e n  and M a r t e l l ,  1964), t h e  p o o r  at tachment o f  t h e  A1 (OH)3 on 
S p h e m ; t C e u n  and i t s  i n e f f e c t i v e n e s s  i n  i n h i b i t i n g  t h e  growth o f  t h e  organism 
a r e  p r e d i c t a b l e .  
5. I n h i b i t o r y  E f f e c t  o f  So lub le  I r o n  on S p h a m o t i l u n  
I n  t h e  above s tudy,  i r o n  p r e c i p i t a t e s  were found t o  have l i t t l e  
i n h i b i t o r y  e f f e c t  on S p h a e h a l i l u n .  Therefore,  t h e  i n h i b i t o r y  e f f e c t  o f  
i r o n  on S p h a m a z Z u b  was presurr~ed t o  be f rom s o l u b l e  i r o n .  S ince t h e  
S-medium was found t o  s t a b i l i z e  o n l y  1.5 mg/l o f  i r o n  a t  a neu t ra l  pH, i t  
was decided t o  add i ron-organ ic  complexes i n t o  the  medium t o  increase t h e  
so lub le  i r o n  concentrat ion.  
The i ron-organ ic  complexes used i n  t h i s  study were i ron-cys te ine ,  
i r o n - c i  t r a t e  and i ron-ga l  1 i c  ac id .  The c h a r a c t e r i s t i c s  o f  these i r o n  com- 
plexes have been discussed prev ious ly .  The i r o n  i n  i r on -cys te ine  and i r o n -  
g a l l i c  a c i d  complexes are i n  t he  fe r rous  form whle t h e  i r o n - c i t r a t e  complex 
i s  i n  the  f e r r i c  form. With regard t o  the  e f f e c t  o f  pH, t he  i ron -cys te ine  
i s  t he  l e a s t  s t a b l e  among these i r o n  complexes w h i l e  i r o n - g a l l i c  a c i d  i s  
the  most s tab le .  
The degree o f  i n h i b i t i o n  was determined as t h e  percentage reduc t i on  
i n  the  maximum r e s p i r a t i o n  r a t e  o f  t h e  SpCzamoMcL?I c u l t u r e  as measured w i t h  
,the manometric technique. As shown i n  F igure 16, when the  pH of  t he  medium 
was maintained a t  6.0, the  a d d i t i o n  o f  6 mg/l as Fe o f  i r on -cys te ine  
complex t o  the S-medium reduced the  r e s p i r a t i o n  r a t e  o f  S p h a m o M u n  
90 percent.  I n  o rde r  t o  achieve t h e  same i n h i b i t i o n  w i t h  t h e  i r o n - c i t r a t e  
complex, 20 mg/l as Fe o f  t h e  complex was requ i red .  I n  t h i s  t e s t ,  t he  pH 
was maintained a t  6.0 because the  i ron -cys te ine  complex i s  n o t  s t a b l e  a t  a 
h igher  pH. I n  another t e s t ,  t h e  effect iveness of i r o n - c i t r a t e  and i r o n -  
g a l l i c  ac id  i n  i n h i b i t i n g  SpCzaeho&ilun was compared. A neu t ra l  pH (6 .7 )  
was maintained i n  t h i s  t e s t .  The r e s u l t s  showed t h a t  w i t h  an a d d i t i o n  o f  
20 mg/l as Fe of t he  i r o n - c i t r a t e  complex t o  the  S-medium, t h e  r e s p i r a t i o n  
r a t e  of t he  S p C z a m o ~  was reduced 50 percent .  With t h e  same a d d i t i o n  
o f  i r o n - g a l l i c  ac id  complex, on l y  a 10 percent reduc t i on  i n  r e s p i r a t i o n  
r a t e  was observed. 

A f t e r  t h e  r e s p i r a t i o n  s t udy  was completed, t h e  S p h a e t o f d u h  
c u l t u r e  was removed f rom t h e  resp i r ome te r  f l a s k s  f o r  s o l u b l e  i r o n  a n a l y s i s  
and mic roscop ic  examinat ion.  The c o n c e n t r a t i o n  o f  t h e  s o l u b l e  i r o n  i n  t h e  
f i  1  t r a t e  was determined w i t h  t h e  a tomic  abso rp t i on  technique.  The d i f f e r e n c e  
i n  t h e  s o l u b l e  i r o n  between t h e  b l ank  and t h e  S p h a e t o f i l u n  c u l t u r e  would 
r e s u l t  f r om  t h e  i n t e r a c t i o n  o f  t h e  i r o n  complex w i t h  t h e  organisms. 
As shown i n  F i gu re  16, t h e  a d s o r p t i o n  o f  i r o n  on Sphaeto;t i l )un 
i nc reases  w i t h  i n c r e a s i n g  a d d i t i o n s  o f  i r o n - o r g a n i c  complex. Accord ing ly ,  
t h e  i n h i b i t i o n  e f f e c t  o f  t h e  i r o n - o r g a n i c  complex on S p h a e t o t L l u a  i nc reases  
w i t h  i n c r e a s i n g  a d s o r p t i o n  o f  i r o n  on t h i s  organism. A  more r e l e v a n t  
i l l l ~ s t r a t i o n  o f  t h e  r e l a t i o n s h i p  between t h e  i n h i b i t i o n  o f  S p h a m o m u n  
and t h e  a d s o r p t i o n  o f  i r o n  on t h i s  organism i s  shown i n  F i g u r e  17. As 
t h i s  f i g u r e  shows, t h e  i n h i b i t i o n  o f  Sphuetok iRun i s  p r o p o r t i o n a l  t o  t h e  
amount o f  i r o n  adsorbed on t h i s  organisms. 
The i r o n  i n h i b i t e d  c u l t u r e s  were examined m i c r o s c o p i c a l l y  w i t h  t h e  
a i d  o f  P russ ian  B lue  S t a i n i n g  Technique. The organisms i n  t h e  i n h i b i t e d  
c u l t u r e s  were s ta i ned ,  produc ing a  b l u e  c o l o r .  The u n i f o r m  b l u e  c o l o r  
i n d i c a t e d  a  l a y e r  o f  f e r r i c  i r o n  on t h e  organisms. 
6. Mechanism o f  S p h u e h o A d w  I n h i b i t i o n  by I r o n  
A  p o s s i b l e  mechanism f o r  S p h u e ~ o t L t u n  i n h i b i t i o n  w i t h  i r o n  i s  i r o n  
a d s o r p t i o n  on t h e  S p h a m o u u n .  The d e p o s i t i o n  o f  i r o n  on t h e  sheath o f  
S p h a m o m u n  has been repo r t ed  by severa l  i n v e s t i g a t o r s  (Pr ingsheim, 1949: 
Phaup, 1968; Mulder  and van Veen, 1963).  The accumulated i r o n  may become 
a  b a r r i e r  t o  t h e  t r a n s p o r t  o f  n u t r i e n t s  through t h e  sheath and c e l l  w a l l ,  
and hence i n h i b i t  t h e  growth o f  t h i s  organism. 

The i n h i b i t o r y  e f f e c t s  o f  s o l u b l e  i r o n  and i r o n  p r e c i p i t a t e s  on 
S p h a m c . ~ Z i X u n  have been discussed p r e v i o u s l y .  The s tudy showed t h a t  bo th  
s o l u b l e  i r o n  and i r o n  p r e c i p i t a t e s  a r e  adsorbed t o  t h e  organisms. M ic ro -  
scopic  examinat ion showed t h a t  t h e  i n h i b i t o r y  e f f e c t s  of d i f f e r e n t  forms 
o f  i r o n  cou ld  be r e l a t e d  t o  t he  c h a r a c t e r i s t i c s  o f  t he  i r o n  adsorbed t o  
t h e  organisms. For i r o n  p r e c i p i t a t e s ,  aged Fe(OH)3 coa ts  a  l a r g e r  p a r t  of 
t h e  organism than f r e s h  Fe(OH)3 and FeC03. Therefore,  i t  i s  more e f f e c t i v e  
i n  i n h i b i t i n g  t he  organism than  t h e  l a t t e r .  A l though A1 (OH)3 forms a  t h i c k  
un i f o rm  l a y e r  o u t s i d e  t he  organism, i t  i s  n o t  e f f e c t i v e  i n  i n h i b i t i n g  t h e  
organism because i t  i s  p o o r l y  a t tached  t o  t h e  organism. 
So lub le  i r o n  i s  adsorbed t o  t h e  organism i n  a  u n i f o r m  l a y e r  so t h a t  
i t  i s  more e f f e c t i v e  i n  i n h i b i t i n g  t h e  organism than t h e  i r o n  p r e c i p i t a t e s .  
The a n a l y s i s  o f  s o l u b l e  i r o n  i n  t h e  f i l t r a t e  o f  t h e  S p h a u u Z i X u n  c u l t u r e  
showed t h a t  t h e  i n h i b i t o r y  e f fec ts  a r e  p r o p o r t i o n a l  t o  t h e  amount o f  t h e  
adsorbed i r o n  on t h i s  organism ( F i g u r e  17) .  F i gu re  17 a l s o  shows t h a t  
among t h e  s o l u b l e  i r o n  complexes, f e r r o u s  forms a r e  more e f f e c t i v e  i n  
i n h i b i t i n g  t h e  S p h a . u u L i Z u n  than t h e  f e r r i c  form. A  h y p o t h e t i c a l  mechanism 
w i l l  be d iscussed l a t e r  t o  r e l a t e  t h i s  obse rva t i on  t o  t h e  d i s t r i b u t i o n  o f  
i r o n  on S p h a e n u X i C u n .  
7. The D i s t r i b u t i o n  o f  I r o n  i n  S p h u e h a f i l u n  I n h i b i t e d  w i t h  I ron-Organ ic  
Compl exes 
As d iscussed p rev ious l y ,  t he  adso rp t i on  of i r o n  on Sphaeha;lA'.Cun i s  
t h e  main mechanism f o r  t h e  i n h i b i t i o n  of t h i s  organism. The accumulated 
i r o n  becomes a  b a r r i e r  t o  t h e  t r a n s p o r t  of n u t r i e n t s  through t h e  sheath 
and c e l l  w a l l  and hence i n h i b i t s  t h e  growth o f  t h e  organism. 
The c h a r a c t e r i s t i c s  of  t h e  i r o n  adsorbed on Sphamu;tieun a r e  
use fu l  i n  e x p l a i n i n g  t h e  d i f f e r e n c e  i n  i n h i b i t i o n  between t h e  va r i ous  forms 
o f  i r o n .  The mic roscop ic  examinat ion shawed t h a t  t h e  i r o n  p r e c i p i t a t e s  
coa t  o n l y  p a r t  o f  t h e  sur face  o f  t h e  organism w h i l e  t h e  adsorbed so lub le  
i r o n  forms a  u n i f o r m  l a y e r .  T h i s  co inc ides  w i t h  t h e  abse rva t i on  t h a t  i r o n  
p r e c i p i t a t e s  a r e  l e s s  e f f e c t i v e  than  s o l u b l e  i r o n  i n  t h e  i n h i b i t i o n  of 
Sphamu;tieun. 
However, t h e  mic roscop ic  examinat ion d i d  d i f f e r e n t i a t e  between 
f e r r o u s  and f e r r i c  s o l u b l e  i r o n  i n h i b i t i o n .  F i gu re  17 shows t h a t  t h e  
s o l u b l e  f e r r o u s  i r o n  was more e f f e c t i v e  than  t h e  f e r r i c  form. When t h e  
i n h i b i t e d  c u l  t u r e s  were examined m i c r o s c o p i c a l l y  , no d i f f e r e n c e  was 
observed between t h e  c u l t u r e s  w i t h  f e r r o u s  and f e r r i c  forms. I n  bo th  
cases, a1 1  organisms were covered w i t h  a  un i f o rm  l a y e r  o f  i r o n .  
I t  i s  suspected t h a t  some i r o n  may d i f f u s e  through t h e  organism's  
sheath and be adsorbed on t he  c e l l  w a l l  when f e r r o u s  i r o n  was employed. 
T h i s  i s  based on t h e  assumption t h a t  t h e  organism i s  more vu lne rab le  t o  
t h e  adso rp t i on  o f  i r o n  i n  t h e  c e l l  w a l l  than on t h e  sheath.  Therefore,  
t h e  a b i l i t y  o f  f e r r o u s  i r o n  t o  d i f f u s e  through t h e  sheath and adsorb on 
t h e  c e l l  w a l l  makes t h e  f e r r o u s  form o f  i r o n  more e f f e c t i v e  i n  t h e  i n h i b i -  
t i o n  o f  t h i s  organism. I n  an a t tempt  t o  s u b s t a n t i a t e  t h e  above p r i n c i p a l ,  
an exper iment was conducted t o  determine t h e  d i s t r i b u t i o n  o f  i r o n  i n  t h e  
sheath and c e l l  w a l l  o f  t h e  i r o n - c y s t e i n e  i n h i b i t e d  SphamuRi lu .  
The exper imenta l  method has been descr ibed  p r e v i o u s l y  and i s  
b r i e f l y  reviewed below. The c u l t u r e  was washed t h r e e  t imes  t o  remove 
t h e  r e s i d u a l  s o l u b l e  i r o n  complex. The p r e c i p i t a t e d  c e l l  was l y s e d  w i t h  
lysozyme and EDTA i n  t r i s - b u f f e r ,  and then  w i t h  sodium dodecyl  s u l f a t e  (SDS). 
The sample was examined m ic roscop ica l l y  u n t i l  t he  c e l l s  w i t h i n  t h e  sheath 
complete ly  disappeared (F igure  18). A f te r  t h e  c e l l  was lysed, t h e  i r o n  
re leased would be chelated by EDTA and d isso lved i n  t h e  1  i q u i d .  The sheath 
was recovered by c e n t r i f u g a t i o n  and the  supernatant was c o l l e c t e d  f o r  i r o n  
ana lys is .  A l l  of t he  i r o n  i n  t he  supernatant was presumably from the  l y s i s  
o f  t h e  c e l l .  
The end p r e c i p i t a t e  o f  t h e  c e n t r i f u g a t i o n  o f  t h e  t e s t  sample was 
d isso lved i n  2 N HC1, and t h e  i r o n  i n  t h i s  s o l u t i o n  i s  presumably from t h e  
sheath. The r e s u l t s  o f  t h e  ana lys i s  a re  g iven i n  Table 7 .  
There was a  quest ion  about whether o r  n o t  t h e  EDTA d isso lved some i r o n  
from t h e  sheath. I n  o rder  t o  answer t h i s  quest ion,  a  b lank  t e s t  f o r  t h e  
c e l l  l y s i s  process was conducted (lysozyme and SDS were rep laced w i t h  
d i s t i l l e d  water).  The r e s u l t  showed t h a t  o n l y  0.3 mg/l o f  i r o n  was found 
i n  t h e  f i l t r a t e  of t h e  blank, w h i l e  4  mg/l o f  i r o n  was found i n  the  super- 
n a t a n t  o f  l ysed  c e l l s  when t h e  a d d i t i o n  o f  i r on -cys te ine  i n  t h e  Sphamoa%lu~ 
c u l t u r e  was 20 rr~g/l as Fe. The s o l u b l e  i r o n  i n  t h e  b lank  was o n l y  7.5 
percent  o f  t h e  so lub le  i r o n  i n  t h e  t e s t  sample. 
Th i s  ana lys i s  f o r  t h e  d i s t r i b u t i o n  o f  i r o n  i n  t h e  organism was 
conducted a t  t h ree  d i f f e r e n t  l e v e l  s  o f  i r o n - c y s t e i  ne complex add i t i on ,  
i .e., 10 mg/l , 15 mg/l , and 20 mg/l . The o t h e r  cond i t i ons  were constant.  
Table 10 shows t h a t  a  r a t h e r  s i g n i f i c a n t  amount o f  i r o n  was re leased from 
S p h a e n c r m  when t h e  c e l l  s  were lysed. The t r e n d  o f  t h e  data shows t h a t  
f o r  these t e s t  cond i t ions ,  1  i t t l e  change was found i n  t h e  amount of i r o n  
associated w i t h  t h e  c e l l  w a l l  (F rac t i on  4) w h i l e  t h e  amount o f  i r o n  
associated w i t h  t h e  sheath ( F r a c t i o n  6) increases r a p i d l y  w i t h  t h e  . 
i nc reas ing  concent ra t ion  o f  t h e  i ron -cys te ine  complex. 
Figure  18. The Empty Sheath o f  Spha.moA2.un I s o l a t e  
a f t e r  t h e  Organism was Lysed w i t h  
Lysozyme and SDS (x  1600) 
Table 7.  The Dis t r ibut ion of  Iron i n  SphaemMub a f t e r  Iron-Cysteine Was Added In t h e  Culture* 
Fe-cys tei  ne 
20 mg/l Fe-cystei ne 
1  2  Average 15  mg/l 10 mg/l 
Supernatants  of 0.45 pm F e % Fe % Fe % Fe % Fe % 
c e n t r i f u g a t i o n  F i  1  t e r  "Y ""3 m g "'' g  mg 
6,000 rprn Unf i  1  tered  
(Frac t ion  1 )  Fi 1  t r a t e  
10,000 rprn Unf i  1  tered  
(Fract ion 2) F i l t r a t e  
10,000 rpm Unfi 1  tered 
(Frac t ion  3)  Fi 1  t r a t e  
15,000 rpm Unfi l tered  
a f t e r  Lysis F i  1  t r a t e  
of  Cell 
(F rac t ion  4) 
15,000 rpm Unf i  1  tered  
Was hi ng F i  1  t r a t e  
(Frac t ion  5)  
P r e c i p i t a t e  
(Frac t ion  6) 
Total  Iron Recovered 
Iron Added i n  the 
Medi urn-Cul t u r e  
* 
Cell concentra t ion = 105 mg/l 
This observation indicades t h a t  there i s  some maximum l i m i t  f o r  the 
adsorption o f  i r o n  beyond the inner  surface of the sheath (Fract ion 4).  
This l i m i t a t i o n  may be e i t h e r  the l i m i t e d  space between the inner  surface 
o f  the sheath and the outer  surface of the c e l l  wa l l  o r  the d i f f i c u l t y  i n  
t ranspor t ing i r o n  through the sheath a f t e r  the sheath adsorbs a ce r t a i n  
amount o f  i ron.  
When the data f o r  the i r o n  associated w i t h  the sheath (Fract ion 6) 
are  p l o t t ed  versus the add i t i on  o f  iron-cysteine, they generate a s t r a i g h t  
1 i ne  on log- log &ale  paper (Figure 19). This ind ica tes  t h a t  the adsorption 
on the sheath i s  s i m i l a r  t o  the general adsorption isotherm expressed by 
the Freundl i c h  equation. Several po in ts  were selected on the extended l i n e  
i n  F igure 19 t o  g ive  supplementary data for  p ro j ec t i ng  the t rend o f  the 
i r o n  d i s t r i b u t i o n  across the sheath and c e l l  wa l l  (Table 8) . By employing 
the information i n  Table 8,  the p l o t  presented i n  Figure 20 shows the 
re l a t i onsh ip  between the adsorbed i r o n  and the i n h i b i t i o n  o f  S p h a m o m .  
I n  Figure 20, i t  i s  i n t e r e s t i n g  t o  note t h a t  when the add i t i on  of 
i ron-cyste ine i s  below 10 mg/l, the i r o n  associated w i t h  the c e l l  wa l l  i s  
higher than t h a t  adsorbed on the sheath. As the add i t i on  o f  i ron-cysteine 
increases beyond 10 mg/l, the s i t u a t i o n  reverses. For comparing the 
e f fec t iveness o f  the  adsorbed i r o n  i n  SphamoLi.ku i n h i b i t i o n ,  the informa- 
t i o n  i n  the range below 6 mg/l i s  more useful .  Beyond t h i s  point ,  the  
organism i s  completely inh ib i ted .  A t  the low concentrat ions of i ron -  
cysteine, the i n h i  b i t i o n  o f  Sphamoltieus i s  found t o  be propor t iona l  t o  
the i r o n  associated w i t h  the  c e l l  wal l .  I t  i s  be l ieved t h a t  i n  t h i s  range, 
the i n h i b i t i o n  o f  Sphamo;tieua i s  mainly from the i r o n  associated w i t h  the 
c e l l  wa l l .  When t h i s  conclusion i s  app l ied t o  Figure 16, i t  becomes 

Table 8. The Re la t i on  o f  I n h i b i t i o n  and t h e  D i s t r i b u t i o n  o f  I r o n  
i n  S p h a m a u n  ( Iron-Organic Complex = I ron-Cyste ine)  
A d d i t i o n  o f  Adsorbed 
I ron-Cyste ine  I n h i  b i  t i o n 2  T o t a l  I r o n  Fe on Sheath Fe from  el 1 
as Fe mg/l % mg/l mg/y c e l l  mgS mg/g c e l l  mg7 mg/g c e l l 8  
Volume o f  sample = 160 ml 
C e l l  concen t ra t i on  = 105 mg/l 
C e l l  mass = 16.8 mg 
and f rom F igure  16 
= x 0.16 + 0.0168 
f rom Table 7 ( F r a c t i o n  6) 
= + 0.0168 
f rom Table 7 ( F r a c t i o n  4, f i l t r a t e )  
* from extended curve i n  F igu re  19 
* * = 4 , *  
Figure 20. The D is t r ibu t ion  o f  I ron  on Sphm;ti&uQ 
and I t s  Inh ib i to ry  E f f e c t  
Addition of Iron - Cysteine (mq/g ) 
more convincing. I n  F igure  16, bo th  i ron -cys te ine  and i ron -ga l  1  i c  a c i d  
complexes are  i n  t h e  f e r r o u s  form and have the  same p a t t e r n  i n  S p h a e n o m  
i n h i b i t i o n .  A t  low concent ra t ions  o f  iron-complexes, the  curves show 
constant  slopes f o r  t h e  i n h i b i t i o n  and near constant  slopes for  adsorbed 
i r o n .  The i r o n - c i t r a t e  was i n  t h e  f e r r i c  form and i t s  curves show a  
d i f f e r e n t  pa t te rn ;  i nc reas ing  slopes w i t h  increas ing i r o n - c i t r a t e  
concentrat ion.  
Because t h e  i r o n  adsorp t ion  p a t t e r n  f o r  i r o n - c i t r a t e  was s i m i l a r  t o  
t h a t  f o r  t h e  i r o n  adsorbed by t h e  sheath when i ron -cys te ine  was t h e  
i n h i b i t o r ,  i t  i s  presumed t h a t  most o f  t he  adsorbed i r o n  from i r o n - c i t r a t e  
complex would be he ld  on the  sheath. Th is  d iscuss ion leads t o  t h e  f o l l o w i n g  
conclus ion:  With i ron-organ ic  complexes i n  ferrous form, i .e., i ron-cys te ine  
and i r o n - g a l l i c  ac id,  s i g n i f i c a n t  amounts o f  i r o n  w i l l  be t ranspor tedthrough 
the  sheath and be re ta ined  e i t h e r  i n s i d e  o r  ou ts ide  the  c e l l  w a l l .  With the  
f e r r i c  form, i .e., i r o n - c i t r a t e ,  most o f  t h e  i r o n  w i l l  adsorb on the  sheath. 
Because SphamoMun i s  more vu lnerab le  t o  t h e  adsorp t ion  o f  i r o n  on i t s  
c e l l  wa l l  than on i t s  sheath, t h e  fe r rous  form i s  more e f f e c t i v e  than t h e  
f e r r i c  form i n  i n h i b i t i n g  t h i s  organism. 
8. Some Other C h a r a c t e r i s t i c s  o f  t h e  Adsorpt ion o f  I r o n  by S p h a a o t i h h  
AS shown prev ious ly ,  bo th  so l  ub le  i r o n  and i r o n  p r e c i p i t a t e s  a re  
adsorbed by SphaaoMun.  The adsorp t ion  o f  i r o n  on the  organism i s  the  
main mechanism f o r  t h e  i n h i b i t o r y  e f f e c t  of i r o n .  The e f fec t i veness  of 
t h e  i n h i b i t i o n  depends on the c h a r a c t e r i s t i c s  o f  t h e  i r o n  adsorbed by t h e  
organisms. The adsorbed s o l u b l e  i r o n  forms a  un i fo rm l a y e r  on the  organism 
w h i l e  t h e  i r o n  p r e c i p i t a t e s  cover o r ~ l y  p a r t  o f  t h e  sur face o f  t h e  organism. 
Therefore,  s o l u b l e  i r o n  i s  more e f f e c t i v e  than  t he  i r o n  p r e c i p i t a t e s  i n  
SphamaMun i n h i b i t i o n .  The f e r r o u s  fo rm o f  i ron-organic  compl exes can 
d i f f u s e  through t h e  sheath and d e p o s i t  on t h e  c e l l  w a l l  w h i l e  w i t h  t h e  
f e r r i c  form o f  i r on -o rgan i c  complex, most o f  t he  i r o n  depos i t s  on t h e  
sheath o f  t he  organism. 
It i s  d e s i r a b l e  t o  know what phys i ca l  -chemical f o r ces  a r e  i n v o l v e d  
i n  t h i s  a d s o r p t i o r ~  o f  i r o n .  An a n a l y s i s  o f  some o f  t he  c h a r a c t e r i s t i c s  
o f  t he  i r o n  adsorpt ion,  i e . ,  k i n e t i c  o f  t h e  r e a c t i o n ,  e f f e c t  o f  t h e  
concen t ra t i on  o f  c e l l  s  and o rgan i c  complexi  r ~ g  agents, would be he1 p fu l  
i n  understanding t h e  mechanism f o r  t h e  i r o n  adsorp t ion  by SphamaMun.  
K i n e t i c  o f  t h e  I r o n  Adsorp t ion  
I n  o r d e r  t o  eva lua te  t h e  k i n e t i c s  o f  adsorp t ion ,  a  concen t ra t i on  
o f  20 mg/l o f  i r o n - o r g a n i c  complexes was added t o  a  f l a s k  c o n t a i n i n g  t h e  
SphaettotLtun, c u l t u r e .  The f l a s k  was p laced on a  shaker. Samples were 
taken f rom t h e  f l a s k  and immediate ly  f i l t e r e d  through a  0.45 vm membrane 
accord ing  t o  a  designated schedule. The i r o n  concen t ra t i on  i n  t h e  
f i l t r a t e  was measured t o  determine t he  r e d u c t i o n  o f  s o l u b l e  i r o n  by t he  
S p h a m a m  c u l t u r e .  As F igure  21 shows, t h e  adso rp t i on  was r a p i d  w i t h  
t h e  i r o n - c y s t e i n e  complex. Wi th  c e l l  concen t ra t i on  o f  105 mg/l and an 
i n i t i a l  i r o n  complex concen t ra t i on  o f  20 mg/l as Fe, 80 percen t  o f  t h e  
r e a c t i o n  was complete w i t h i n  5  minutes. A l though t h e  adso rp t i on  r a t e  was 
s lower  f o r  i r o n - c i t r a t e ,  70 percen t  o f  t h e  r e a c t i o n  was complete i n  
30 m i  nutes . A f t e r  approx imate ly  two hours, no f u r t h e r  r e a c t i o n  was observed. 
Both s o l u b l e  i r o n  and i r o n  p r e c i p i t a t e s  were adsorbed by t h e  
SphaettoLila. Among t h e  i r o n  p r e c i  p i  t a t e s  , aged Fe(OH)3 and A1 (OH)3 
have zero p o i n t  of charge a t  8.5 and 9.1, r e s p e c t i v e l y .  
( L/~W SOL = L LaD) qp?xmmjd~ uo aj 40 aJed uo;~d~ospy aql 
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Therefore, a t  a neu t ra l  pH, t h e  sur face charge o f  these two compounds 
would be p o s i t i v e .  Since aged Fe(OH)3 and A1(OH)g were p o s i t i v e l y  charged 
under t h e  experimental  c o n d i t i o n  i n  t h i s  study, S p h a e r r o U u n  was presumably 
c a r r y i n g  a negat ive charge f o r  t h i s  adsorp t ion  t o  occur. 
The i ron -cys te ine  complex and some species o f  i r o n - c i t r a t e  complexes 
a l s o  are  p o s i t i v e l y  charged. The adsorp t ion  o f  these so lub le  i r o n  complexes 
by S p h a e r r a U u n  would be the  r e s u l t  o f  t h e  a t t r a c t i o n  o f  these i r o n  complexes 
by the  n e g a t i v e l y  charged SphaerraLi lun  sur face.  
The charge c o n d i t i o n  on t h e  sur face o f  S p h a e n a U u n  and the  species 
o f  i r o n  complexes has a s i g n i f i c a n t  e f f e c t  on t h e  k i n e t i c s  o f  t he  i r o n  
adsorpt ion.  A t  t h e  beginning o f  t he  reac t i on ,  t h e  sur face o f  t h e  organism 
i s  unoccupied and the  a t t r a c t i n g  f o r c e  o f  t he  e l e c t r i c  charge on the  sur face 
i s  a t  i t s  h ighest .  Therefore, t he  r e a c t i o n  i s  rap id .  As some o f  t he  
sur face has adsorbed t h e  i r o n ,  the  a t t r a c t i n g  f o r c e  o f  t he  charge decreases 
and hence the  r e a c t i o n  r a t e  decreases. 
Because the  charge c o n d i t i o n  i s  d i f f e r e n t  f o r  t h e  i ron -cys te ine  
complex and i r o n - c i t r a t e  complex, t he  r e a c t i o n  r a t e  o f  i r o n  adsorp t ion  i s  
d i f f e r e n t  f o r  these two i r o n  complexes. The i ron -cys te ine  complex has 
two n e t  p o s i t i v e  charges. The i r o n - c i t r a t e  has th ree  forms i n  equ i l i b r i um,  
+ i . e. , FeH2L , FeHL and FeL' (L  = c i t r i c  anion r e s i d u a l  ) , and a t  neu t ra l  pH 
most of i t  i s  i n  the F ~ L -  form. Because the  F ~ L -  form i s  repulsed by the  negat ive 
charge on the  sur face o f  S p h a m o t i t u n ,  o n l y  t h e  l e s s  predominate species 
a r e  a t t r a c t e d  t o  the  sur face o f  t h e  organism. Consequently, t h e  i r o n -  
c i t r a t e  has a slower r e a c t i o n  r a t e  than t h e  i ron-cys te ine .  
A f t e r  complet ion o f  t h e  so lub le  i r o n  ana lys is ,  t h e  f i l t r a t e  was 
analyzed f o r  t h e  t o t a l  organic carbon (TOC). The o b j e c t i v e  o f  t h i s  t e s t  
was t o  determine the  f a t e  o f  t he  organ ic  complexing agent when the  i r o n  
was adsorbed by t h e  m ic rob ia l  mass. The r e s u l t s  a re  shown i n  Table 9. 
When c i t r a t e  o r  cyste ine,  o r  t h e i r  i r o n  complex, was added t o  t he  
Sphaeauaun  c u l t u r e ,  t h e  TOC d i d  n o t  change d u r i n g  the  f o u r  hours over 
which the  t e s t  was conducted. Even though s i g n i f i c a n t  amounts o f  i r o n  
were adsorbed by t h e  microorganisms, t he re  was no s i g n i f i c a n t  change i n  
t he  TOC. Therefore, i t  appears t h a t  a f t e r  t h e  i r o n  i s  adsorbed, t he  
organic  coun te rpa r t  i s  released back i n t o  s o l u t i o n .  
Table 9. TOC Ana lys is  Before and A f t e r  the  I r o n  Adsorpt ion React ion 
Compounds TOC 
added i n  TOC i n  F i l t r a t e  i n  TO C 
SphaehuUun F i l t r a t e  a t  a f t e r  4  Hours Reduct ion 
Cu l tu re  Zero Time o f  React ion i n  F i l t r a t e  
Samples mg/ 1  mg/ 1  mg/l mg/ 1  
2  500 mg/l Glucose 334 274 6  0  
3  100 mg/l C i t r a t e  175 170 5  
4  100 mg/l C i t r a t e  
i n  I ron-C i  t r a t e  
Compl ex 
5  200 mg/l Cyste ine 
i n  I ron-Cyste ine 
Compl ex 193 188 
6  200 rng/l Cysteine 193 1  93 0  
7  B l  ank 1  34 134 0  
* I n i t i a l  c e l l  concent ra t ion  = 105 mg/l 
pH = 6.7 f o r  samples 1, 2, 3, 4, 7  
pH = 6.0 f o r  samples 5, 6 
E f f e c t  o f  the Concentrat ion o f  Sphaetro;tiluh and Organic -- Complexing 
Agents on I r o n  Adsorpt ion 
The procedure f o r  eva lua t i ng  the  e f f e c t  o f  the  concent ra t ions  o f  
microorganism mass on the  adsorp t ion  o f  i r o n  i nvo l ved  addi ng d i f f e r e n t  
amounts o f  t he  i ron-organ ic  complexes t o  two s e r i e s  o f  f l a s k s  t h a t  con- 
t a ined  two d i f f e r e n t  concentrat ions o f  SphaettoLXun. The f l a s k s  were 
placed on a shaker f o r  two hours. Then samples were f i l t e r e d  through 
0.45 urn membrane. The so lub le  i r o n  concent ra t ion  was measured t o  determine 
the  q u a n t i t y  o f  so lub le  i r o n  removed by adsorp t ion  on the  m i c r o b i a l  mass. 
The procedure used f o r  t h i s  de termina t ion  was the  same as t h a t  used t o  
s tudy the  e f f e c t  o f  the organic  complexing agents on the  adsorp t ion  o f  
i r o n .  The v a r i a b l e  was c e l l  concent ra t ion  r a t h e r  than organ ic  complexing 
agent. 
Table 10. The E f f e c t  o f  t h e  Concentrat ion o f  Ce l l  and Organic 
Complexing Agents on the  Adsorpt ion o f  I r on*  
-- 
Ce l l  Organic Fe A d d i t i o n  i n  I r o n  Adsorpt ion 
Concentrat ion Compl e x i  ng Agents Fe-Organic Form % mg/g of 
mg/l Concentrat ion mg/l Ce l l  
- 
105 200 ( cys te ine )  20 5 5 105 
105 400 ( c y s t e i  ne) 20 48 9 1 
105 100 ( c i  t r a t e )  2 0 3 1 59 
105 200 ( c i  t r a t e )  2 0 2 2 4 2 
53 200 ( c y s t e i  ne) 20 30 113 
53 100 ( c i  t r a t e )  2 0 18 68 
The data i n  Table 10 show t h a t  t h e  amount o f  so lub le  i r o n  removed 
from the  c u l t u r e  medium i s  a  f u n c t i o n  o f  both t he  c e l l  concent ra t ion  and 
the  complex form. The h ighe r  c e l l  concentrat ions e x h i b i t e d  a  h ighe r  
percentage o f  i r o n  adsorpt ion.  Also, t he  cys te ine - i r on  complex was more 
r e a d i l y  adsorbed by t h e  m i c r o b i a l  mass. The c i t r a t e - i r o n  complex was 
n o t  adsorbed t o  t h e  same degree. Th is  i s  shown by the mg of i r o n  
adsorbed pe r  g  o f  c e l l  . 
The adsorp t ion  o f  i r o n  by SphashaL&h was a l s o  found t o  decrease 
w i t h  t h e  i nc reas ing  concent ra t ion  o f  organic  complexing agents. Th is  
e f f e c t  i s  much l e s s  than t h e  e f f e c t  o f  c e l l  concent ra t ion .  The ex ten t  
o f  t h i s  e f f e c t  va r i es  w i t h  d i f f e r e n t  organic  agents. When t h e  concentra- 
t i o n  o f  t h e  organic  complexing agents was doubled, i .e . ,  when t h e  concen- 
t r a t i o n  o f  i r o n  i n  the  form o f  i r o n - c i t r a t e  complex was kept  a t  20 mg/l 
l e v e l  and t h e  c i t r a t e  concent ra t ion  was increased f rom 100 mg/l t o  200 mg/l, 
a  29 percent  reduc t i on  i n  t h e  i r o n  adsorp t ion  was found. When the  concen- 
t r a t i o n  o f  i r o n  i n  the  form o f  i r on -cys te ine  complex was kept  a t  20 mg/l 
l e v e l  w h i l e  t h e  concent ra t ion  of cys te ine  was increased from 200 mg/l t o  
400 mg/l, a  13 percent  reduc t i on  i n  the  i r o n  adsorp t ion  was observed. 
The r e s u l t s  o f  t h i s  s tudy i n d i c a t e  t h a t  t h e  sur face  area o f  t he  
organism i s  the  major  f a c t o r  f o r  t h e  adsorp t ion  o f  i r o n .  The sur face  o f  
t h e  organism prov ides a t t r a c t i n g  e l e c t r i c a l  fo rces  and t h e  s i t e s  f o r  t he  
adsorp t ion  o f  i r o n  so t h a t  t he  adsorp t ion  o f  i r o n  increases w i t h  i nc reas ing  
c e l l  concentrat ion,  i .e . ,  t h e  sur face area o f  t h e  organism. The concentra- 
t i o n  o f  t he  organ ic  complexing agents i s  impor tan t  i n  s t a b i l i z i n g  t h e  
so lub le  i r o n .  However, t he  increase o f  t h e  concen t ra t i on  o f  t h e  organic  
complexing agents i n  t he  s o l u t i o n  increases t h e  s t a b i l i t y  o f  t h e  i ron-organ ic  
complex and hence decreases t h e  adsorp t ion  o f  i r o n  by the  organism. 
9. The Proposed Theory f o r  S p h a m o U u n  I n h i b i t i o n  by I r o n  
As discussed e a r l i e r ,  bo th  so lub le  i r o n  and i r o n  p r e c i p i t a t e s  a r e  
adsorbed by t h e  SphaetrokiPun. The s o l u b l e  i r o n  used i n  t h i s  s tudy was i n  
t h e  form of i r on -o rgan i c  complex. The i r o n - c i t r a t e  complex has t h ree  forms 
-I- i n  e q u i l i b r i u m ,  i . e . ,  Fe H2L , Fe HL and Fe L- (L  = c i t r i c  an ion r e s i d u a l ) .  
The i r o n - c y s t e i n e  complex has o n l y  one form w i t h  each molecule of  t h e  
compl ex c a r r y i n g  two p o s i t i v e  charges . 
Among t h e  i r o n  p r e c i p i t a t e s ,  aged Fe(OH)3 and A1 (OH)3 have zero  
p o i n t  o f  charge a t  8.5 and 9.1, r e s p e c t i v e l y .  Therefore,  a t  a  n e u t r a l  pH, 
t h e  sur face  charge o f  these two compounds a re  p o s i t i v e .  Because t h e  
i ron-cys te ine  complex, aged Fe(OH)3 and A1 (OH)3 were p o s i t i v e l y  charged 
under t h e  experimental  c o n d i t i o n  i n  t h i s  study, Sphaetro-6 i s  presumably 
c a r r y i n g  a  negat ive  charge. Based on these observat ions,  an e l e c t r i c a l  
double l a y e r  on t he  sur face o f  S p h a e n o L i h  can be proposed as i l l u s t r a t e d  
i n  F igure  22. 
An a n a l y s i s  o f  t h e  charge c o n d i t i o n  on t h e  sur face  o f  SphaenoUun 
would be h e l p f u l  i n  understanding t h e  mechanism o f  i r o n  adsorp t ion .  Under 
t h e  i n f l u e n c e  o f  a  sur face  charge, t h e  pH on the  sur face  o f  S p h a e t r o t i l u ~  
w i l l  be d i f f e r e n t  f rom t h a t  i n  t h e  bu lk  s o l u t i o n .  H' w i l l  be a t t r a c t e d  
t o  t h e  sur face  o f  t h e  organism, o r  more p r e c i s e l y ,  c l o s e  t o  t h e  r i g i d  
s o l u t i o n  boundary. The pH ou ts i de  a  n e g a t i v e l y  charged sur face  may be 
est imated by Equat ion ( 9 )  (Sturnm and Morgan, 1970). 
pH sur face  = pH bu lk  - 0.87 ( 9 )  
Based on t h i s  equat ion, t h e  pH on the  sur face  o f  Sphaet raLLh would be 
5.83 when t h e  pH o f  t he  b u l k  s o l u t i o n  i s  6.7. 

The negat ive charge and spec i f i c  pH on the  sur face of S p h a e m k i e u n  
p lan  an important  r o l e  i n  the  adsorpt ion o f  i r o n  by t h i s  organism. When 
i ron-organ ic  complexes i n  fe r rous  form are  the  i n h i b i t o r s ,  s i g n i f i c a n t  
amounts o f  i r o n  w i l l  be t ranspor ted  through the  sheath and adsorb e i t h e r  
i n s i d e  o r  ou ts ide  the c e l l  w a l l .  When the  f e r r i c  form i s  the  i n h i b i t o r ,  
most o f  the  i r o n  w i l l  adsorb on the  sheath. This  d i f f e r e n c e  i n  behavior 
between the  i ron-organ ic  complexes o f  f e r rous  and f e r r i c  forms i n  adsorbing 
on SphaehaLLLun can be expla ined by examining the  hypothet ica l  e l e c t r i c a l  
double l a y e r  ou ts ide  the  organism. 
For i r o n - c i t r a t e  complex, each f e r r i c  i r o n  i s  chelated by a  c i t r i c  
anion so t h a t  i o n i c  bonds are the  major bonding f o r c e  between t h e  f e r r i c  
c a t i o n  and the  c i t r i c  anion. The complex i s  i n  e q u i l i b r i u m  w i t h  i t s  
counterpar ts .  Because c i t r i c  anions are  c a r r y i n g  negat ive charges, they 
would be repulsed by the  negat ive charge on the  surface o f  S p h a m u U u n .  
This  prevents the  anion from en te r i ng  the double l a y e r  w h i l e  t he  complex 
w i t h  a  p o s i t i v e  charge can en te r  the  double l aye r .  As a  r e s u l t ,  the  
concent ra t ion  o f  i r o n - c i  t r a t e  complex i n  t he  double l a y e r  w i  11 be h igher  
than t h a t  i n  the bu l k  so lu t i on ,  w h i l e  the  concent ra t ion  o f  the  c i t r a t e  
anion i n  the  double l a y e r  w i l l  be l e s s  than t h a t  i n  t he  bu l k  s o l u t i o n .  
I n  o rder  t o  main ta in  the e q u i l i b r i u m  i n  the  double l aye r ,  t he  complex 
would d i ssoc ia te  t o  i t s  counterpar ts ,  i . e . ,  t h e  i r o n - c i t r a t e  decomposes 
t o  f e r r i c  c a t i o n  and c i t r a t e  anion. A f t e r  being released from t h e  i r o n -  
c i t r a t e  complex, the  f e r r i c  i o n  would be a t t r a c t e d  t o  the  sur face o f  the  
organism and adsorbed on the  sheath. The c i t r a t e  anion would be repulsed 
by the  negat ive charge on the  sur face o f  t he  organism and d i f f u s e  back 
t o  the  bu l k  so lu t i on .  
For t h e  f e r r o u s  forms o f  t h e  i r on -o rgan i c  complex, i .e . ,  i r o n -  
c y s t e i n e  and i r o n - g a l l i c  ac id ,  f e r r o u s  i r o n  i s  bound t o  i t s  o rgan i c  
coun te rpa r t  w i t h  a  cova len t  bond. A cova len t  bond i s  d i f f e r e n t  from an 
i o n i c  bond. When t h e  i r o n - o r g a n i c  complex i s  formed by a  cova len t  bond, 
i t  does n o t  d i s s o c i a t e  i n t o  i t s  coun te rpa r t s  i n  t h e  s o l u t i o n .  For  t h i s  
reason, t h e  i r o n - c y s t e i n e  complex i s  s t a b l e  i n  t h e  e l e c t r i c a l  double 
l a y e r .  However, a t  t h e  su r f ace  o f  sheath and c e l l  w a l l ,  t h e  oxygen a c t i v i t y  
would be h i g h e r  than  t h a t  i n  t h e  b u l k  s o l u t i o n  due t o  t h e  o r i e n t o r y  e f f e c t  
o f  t h e  sur face .  The cova len t  bond t h a t  connects t h e  i r o n  w i t h  c y s t e i n e  I s  
presumed t o  be broken by t h e  oxygen r e a c t i o n .  The f e r r o u s  i r o n  i n  t h e  
complex i s  o x i d i z e d  t o  f e r r i c  form and re1  eased f rom i t s  coun te rpa r t .  The 
f e r r i c  i o n  i s  adsorbed t o  these sur faces  and, as d iscussed p r e v i o u s l y ,  
t h e  o rgan i c  coun te rpa r t  d i f f u s e s  back t o  t he  b u l k  s o l u t i o n .  
Because Sphamo;tieun i s  more vu lhe rab le  t o  t h e  adso rp t i on  o f  i r o n  
on i t s  c e l l  w a l l  than on i t s  sheath, t h e  a b i l i t y  f o r  t h e  i r o n - c y s t e i n e  t o  
t r a n s p o r t  th rough  t he  e l e c t r i c a l  double l a y e r  a t  t h e  su r f ace  o f  Sphaehafdua  
and adsorb i r o n  on t he  c e l l  w a l l  i n s i d e  t he  sheath makes i r o n - c y s t e i n e  
more e f f e c t i v e  i n  i n h i b i t i n g  Sphaeha;tieu?s than i r o n - c i t r a t e .  T h i s  a n a l y s i s  
suggests t h a t  i r o n - o r g a n i c  complexes i n  which t h e  i r o n  i s  i n  t h e  f e r r o u s  
form w i l l  be more e f f e c t i v e  i n h i b i t o r s  than f e r r i c  i r o n - o r g a n i c  complexes. 
V I .  CONCLUSIONS 
The adso rp t i on  o f  i r o n  on Sphamukieun i s  t h e  ma jo r  mechanism which 
can be ascr ibed  t o  t h e  i n h i b i t i o n  o f  t h i s  organism w i t h  i r o n .  The l a y e r  
o f  i r o n  on t h e  sur face  o f  t h e  organism b locks  t h e  t r a n s p o r t  o f  n u t r i e n t s  
th rough  t h e  sheath and c e l l  w a l l  and hence i n h i b i t s  t he  growth o f  t h i s  
organism. Among t h e  i r o n  compounds employed i n  t h i s  study, t h e  s o l u b l e  
i r o n  complexes were more e f f e c t i v e  than p r e c i p i t a t e d  i r o n  i n  i n h i b i t i n g  
t h e  S p h u m o m u n .  I r o n - c y s t e i n e  was t h e  most e f f e c t i v e  of  t h e  t h r e e  
complexes s tud ied .  
So lub le  i r o n  complexes fo rm a  u n i f o r m  l a y e r  o f  i r o n  on t h e  
organism so t h a t  t h e  i n h i b i t i o n  e f f e c t  i s  p r o p o r t i o n a l  t o  t h e  i r o n  adsorbed 
on t h e  organism. The i r o n  p r e c i p i t a t e s ,  on t he  o t h e r  hand, o n l y  cover  
p a r t  o f  t h e  sur face  o f  t h i s  organism so t h a t  t h e i r  i n h i b i t i o n  e f f e c t s  a r e  
much l e s s  than  s o l u b l e  i r o n  complexes. Among t h e  s o l u b l e  i r o n  complexes, 
f e r r o u s  forms a re  more e f f e c t i v e  than  f e r r i c  forms i n  i n h i b i t i n g  SphaeaoLZun 
because t h e  f e r r o u s  form can d i f f u s e  through t h e  sheath o f  t h e S p h a m o & L m  
and d e p o s i t  on t h e  c e l l  w a l l  w h i l e  most o f  t h e  i r o n  i n  f e r r i c  form i s  
adsorbed on t h e  sheath. S p h a m o u u n  i s  more vu lne rab le  t o  t h e  i r o n  
depos i t s  on i t s  c e l l  wa l l  than  on i t s  sheath and t h e  adso rp t i on  o f  i r o n  
on t h e  c e l l  w a l l  makes t h e  fer rous i r o n  more e f f e c t i v e  i n  i n h i b i t i n g  
SphamoaXun . 
Several  f a c t s  r evea l  t h a t  t h e  mechanism f o r  t h e  adso rp t i on  o f  i r o n  
on S p h a m o m u n  i s  a  phys i ca l  -chemical process r a t h e r  than a  b i o l o g i c a l  one. 
S ince t h e  surface of Sphamo;tieun c a r r i e s  nega t i ve  charges, t h e  s o l u b l e  
i r o n  complexes a re  a t t r a c t e d  t o  t he  organism and a  r a p i d  adso rp t i on  occurs.  
Because t h e  sur face o f  t he  organism prov ides a t t r a c t i v e  fo rces  and s i t e s  
f o r  t he  i r o n  adsorpt ion,  i t  i s  t he  major  f a c t o r  f o r  t h e  r e a c t i o n .  The 
concent ra t ions  of organic  complexing agents and the  s p e c i f i c  i ron-organ ic  
complexes a l s o  have some in f l uence  on t h i s  reac t i on .  
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